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Foreword 


THE task of present-day radio astronomy is to study extraterrestrial objects 
by means of the nature of the radio emission coming from them. Radio 
astronomy research is valuable for the significance of the results obtained 
which by no means duplicate the data of optical astronomy. It has there- 
fore now become the basic source of information on the regions of space 
and objects in space which, whilst they play a basic part in the generation, 
reflection or scattering of radio waves, make no significant contribution 
to the optical part of the spectrum. 

Radio astronomy divides into two fields from the point of view of the 
radio methods used. In one extraterrestrial objects are studied by radio 
signals transmitted from the Earth and reflected from them (radar astron- 
omy); in the other information on the nature of extraterrestrial objects 
is obtained by studying the natural radio emission of these objects (galactic 
radio astronomy and radio astronomy of the solar system). As the names 
themselves indicate, galactic radio astronomy covers investigations into 
the radio emission coming to us from outside the solar system, whilst 
tadio astronomy of the solar system covers investigations into the radio 
emission of the Sun, the Moon and the planets. On the borderline between 
radio astronomy and geophysics lie investigations of the radio emission 
generated in the Earth’s upper atmosphere. 

Shklovskii (1956) deals with galactic radio astronomy in his mono- 
graph; the problem of the generation of cosmic radio emission, which is 
closely linked with the question of the origin of cosmic rays, is discussed 
in detail in the book by Ginzburg and Syrovatskii (1964).t In the world’s 
scientific literature there is, however, at present no publication summariz- 
ing the results of the extensive observations of the radio emission of the 
Sun, the Moon and the planets and discussing in detail from a single point 
of view its mechanisms. The appropriate sections of Steinberg and Lequeux 
(1960), Pawsey and Bracewell (1955), Pawsey and Smerd (1953), Kaida- 
novskii (1960), Shklovskii (1962) and the surveys by Zheleznyakov (1958a) 


t And also in the monograph by S. A. Kaplan and S. B. Pikel’ner The Interstellar 
Medium (in Russian), Fizmatgiz, 1963. 
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Foreword 


and Coutrez (1960) are either incomplete or considerably out of date.t 
The present monograph is an attempt to fill this gap. 

Extensive research into the Sun’s radio emission started after the Second 
World War in 1945-6. Solar radio astronomy is thus not very old: it is 
only just about two decades old (planetary radio astronomy is even young- 
er: its beginning was the unexpected discovery of Jupiter’s sporadic radio 
emission in 1955). 

Nevertheless, in this very short time a large amount of information has 
been obtained on the features of the Sun’s radio emission, its connections 
with the dynamic processes in the Sun’s atmosphere and geophysical 
phenomena of various kinds. The rapid progress of experimental radio 
astronomy and plasma physics has laid the foundations for solving the 
extremely difficult and complex problem of the origin of solar radio emis- 
sion. 

It is clear that without a theory for the solar radio emission it is impos- 
sible to understand the reasons for its connections with the complex of 
phenomena on the Sun and the Earth or to be able to judge on the basis 
of radio observations the physical conditions in the upper layers of the 
solar atmosphere and the processes occurring there. It should be mentioned 
that considerable success has been achieved recently in this field as well. 
Whilst several years ago one could argue about the generation mechanisms 
of all the basic components of the Sun’s sporadic radio emission without 
exception, now the relative role of the various emission mechanisms in the 
coronal and chromospheric plasma has become clearer and better defined. 
At the same time as developing qualitative ideas on the generation condi- 
tions a preliminary quantitative theory has been worked out for the major- 
ity of the components; in the remaining cases there have been clear ex- 
pressions of alternative points of view on the origin of the radio emission 
and experiments have been suggested which will finally enable us to select 
the generation mechanism. 

Research into the Moon’s radio emission is developing rapidly. Informa- 
tion on the composition and structure of its surface layers given by the 
analysis of results of observations of the Moon’s natural radio emission 
and the data from optical and radar astronomy is now very much to the 
point because of the scientific apparatus to be sent to the Moon and Man’s 
flight there. 

It is likewise difficult to overestimate the importance of planetary radio 
astronomy which is at present taking its first steps. The relatively low level 


+ Good surveys on the radio emission of the Sun, the planets and the Moon have 
recently been produced by Wild, Smerd and Weiss (1963 and 1964), Roberts (1963, 
1964) and Krotikov and Troitskii (1963). 
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Foreword 


of our knowledge of the physics of planetary atmospheres (when com- 
pared with the state of the fields of astrophysics in which the atmospheres 
of the Sun and stars are studied) is due to the limitations of the methods 
of optical astronomy which permits study of the planets in reflected light 
only. Only the extension of the part of the spectrum studied into the long- 
wave region and in particular the transition into the radio-frequency band 
have made it possible to study the natural emission of the planets. As a 
result extremely important discoveries have been made here, the most 
important being the magnetic field and radiation belt of Jupiter and the 
temperature conditions of the surface of Venus. 

The ideas expressed in the monograph on the origin of the radio emis- 
sion of the planets cannot be considered final. It may be assumed, however, 
that these ideas will serve as a basis for further development of the theory 
of planetary radio emission. 

When working on the manuscript we tried to reflect as fully as possible 
the outstanding successes achieved by radio astronomy of the solar system. 
At the same time stress has been laid also on as yet unsolved theoretical 
and experimental questions. 

The list of references at the end of the book is not exhaustive but it 
does, in our opinion, cover all the basic publications on the question 
under discussion up to the middle of 1963. 

The author is extremely grateful to V. L. Ginzburg, who suggested the 
writing of this book, for his valuable discussions of various aspects of 
solar radio emission theory and plasma physics and to G. A. Semenova 
for her great help in compiling the manuscript and making the numerical 
calculations. 


V. V. ZHELEZNYAKOV 


Foreword to the English Edition 


INVESTIGATIONS of the radio emission of the Sun and planets do not 
yield such outstanding discoveries as those in which the galactic and 
metagalactic radio astronomy is so rich. Nevertheless, the study of the 
radio emission coming from the Sun and planets gave much rather signifi- 
cant and very often unexpected information on the processes in the upper 
layers of the solar and planetary atmospheres, as well as on the physical 
characteristics of the surface of the Moon and planets. This information 
is set forth in the English edition of my book which is now presented to 
the reader. I think that it will be of interest for the radio astronomy special- 
ists who are carrying out experimental and theoretical investigations of 
the radio emission of the Sun and planets and for those who wish to make 
the acquaintance with the state of this field of radio astronomy. 

At the same time the book will be valuable for radio astronomers and 
astrophysicists who make investigations or are interested in the state of 
investigations in galactic radio astronomy. The fact is that the radio 
emission from the objects such as pulsars, flare stars and interstellar OH 
emission sources can be interpreted on the basis of coherent mechanisms 
of radiation; the mechanisms of such kind were developed and used long 
ago and successfully for explaining many components of sporadic radio 
emission of the Sun. In this respect Chapters VI and VII, which are de- 
voted to the general problems on the generation and propagation of radio 
waves in a cosmic plasma, are of special interest. 

Soon after the Russian variant of this book had appeared, an excellent 
monograph by M. R. Kundu, Radio Emission of the Sun, was published. 
In this monograph the basic consideration is concentrated upon the anal- 
ysis and preliminary interpretation of the results of observations of the 
solar radio emission. The present book supplements well the monograph 
by Kundu as to the problems on the generation and propagation of electro- 
magnetic waves in a cosmic plasma and the problem of the origin of the 
radio emission from the Sun and planets. It is these problems which are 
mainly accentuated in this book. At the same time the subject of this book 
is broader than the monograph by Kundu in which the problems con- 
cerned with the radio emission of the Moon and planets are not discussed. 
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Foreword to the English Edition 


Five years lying between the Russian and English editions is a large 

period in such a rapidly developing field as radio astronomy. Though the 
main content of the book retained conserves its importance up to the 
present, much new material was obtained from the theory and observations 
during that period. Among new results, we note here first the investiga- 
tions of decameter radio emission from Jupiter (the effect of the Io satellite 
and the interplanetary medium on the features of the radio emission, etc.). 
In the theory of the generation‘and propagation of radio waves in a cosmic 
plasma of great importance are the discovery of the effect of synchrotron 
instability (it made possible to realize the coherent synchrotron mechanism 
of radiation), the investigations of non-linear processes of evolution of 
excited plasma waves in a stream-plasma system, and the allowance for 
the process of induced scattering in the conversion of plasma waves into 
electromagnetic ones. Considerable progress has been achieved also in 
the origin of the solar radio emission during recent years (here we mean 
the papers on the generation of type V solar bursts, the development of a 
more correct theory of type III bursts, taking into account a possible part 
of the coherent synchrotron mechanism in the occurrence of type IV 
radio emission, etc.). 
‘A detail consideration of all these problems would require an essential 
reprocessing and increasing of the volume of the book which is already 
very large. I confined myself, therefore, in preparing this edition with 
some supplements and changes and also with references to the sources 
where one can make the acquaintance of the basic data and ideas which 
became: familiar after 1964 and are concerned with the subject of this 
book. 

All noticed inaccuracies and misprints of the Russian edition have been 
eliminated in the monograph. In this connection the remarks made by my 
colleagues V. V. Zaitsev and E. Ya. Zlotnik played a great part and I am 
sincerely thankful to them. I express many thanks to E. Ya. Zlotnik and 
E. V. Suvorov for their great help in reading the proofs of the book. I am 
grateful to D. ter Haar, J. S. Hey and H. S. H. Massey, thanks to whom it 
became possible to publish the English edition of this monograph. 


V. V. ZHELEZNYAKOV 


CHAPTER | 


Physical Conditions 
of the Sun, Moon and Planets 


Tus chapter provides the necessary information on the physical condi- 
tions in the upper layers of the Sun, the Moon and the planets for the 
discussion that follows. The reader can obtain more detailed information 
from monographs, surveys and original papers.t 


1. The Sun’s Atmosphere 


Three basic layers are generally recognized in the solar atmosphere: the 
photosphere, the chromosphere and the corona. The photosphere is the 
name given to the thin layer (only about 300 km thick altogether) which is 
the main source of the Sun’s optical radiation. The external radius of the 
photosphere is therefore taken as the radius of the visible solar disk Rọ =~ 
6-95 10° km. From the Earth, i.e. at a distance of one astronomical 
unit (1-5 108 km), the solar disk subtends an angle of 32’. 

The temperature of the lower photosphere, which is responsible for the 
production of the optical radiation in the continuous spectrum, is about 
6X 108 °K. 

In the upper photosphere (the reversing layer), which is largely respon- 
sible for the formation of the Fraunhofer absorption lines, the temperature 
is lower. The decrease in temperature in the photosphere with height 
makes it possible to understand the observed “darkening” of the Sun at the 
edge of its disk: the reason is that near the Sun’s limb the radiation comes 
from higher and colder layers of the photosphere than in the centre of the 
disk. 

Above the photosphere there is the more rarefied chromosphere, which 
at heights of h ~ 2X104 km above the level of the photosphere changes 
into an extremely extensive formation—the corona. The latter can be 


t See, e.g., Shklovskii (1962), Kuiper and Middlehurst (1961), Kuiper (1947, 1953), 
Ambartsumyan et al, (1952), Sharonov (1958), Moore (1959), Vaucouleurs (1951), Peck 
(1958), Markov (1960), Fliigge (1959) and Allen (1955). 
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observed by radio astronomy methods (from the scatter of the radio emis- 
sion of discrete sources) right out to a distance of the order of (40-55) R, 
from the Sun, and sometimes as far as about 120R,, where the corona 
gradually changes into the interplanetary medium (Slee, 1961). The outer- 
most layers of the corona are sometimes called the “supercorona”. 


THE CHROMOSPHERE 

In photographs of the chromosphere in monochromatic light, e.g. in 
H, light (the first line of the Balmer series), structural elements of the 
chromosphere (spicules) can be clearly distinguished near the Sun’s limb. 
These spicules take the form of numerous jets about 10* km thick rising 
from an altitude of h ~ 5X103 km (i.e. from the accepted boundary be- 
tween the lower and upper chromosphere) to an altitude of the order of 
104 km and taking several minutes to fall back. The spicules are colder 
than the ambient medium and have a temperature of T ~ (2-4) xX 104 °K. 
In the deeper layers of the chromosphere cold and hot elements also coexist 
at the same level; the first are responsible for the metal lines with a tem- 
perature of T ~ 4X10 °K, and the latter for the hydrogen emission with 
T ~ 104°K. At present it is not clear whether the spicules are a continua- 
tion of the cold or the hot elements of the lower chromosphere, although 
the latter is more probable. 

For what is to follow the distribution of the electron concentration N 
and the kinetic temperature T in the chromosphere is a major point of in- 
terest. N and T can be determined as functions of the altitude from an 
analysis of the emission line intensity; Thomas and Athay (1957) discuss 
methods of solving this problem which is by no means simple. There are 
big differences between the results of different authors (Fliigge, 1959). The 
values of N and T are most uncertain in the upper chromosphere, i.e. 
in the transition region between the lower chromosphere and the 
corona. More certain results have been obtained for the lower chromo- 
sphere although even these, to judge from the data of radio measurements, 
need considerable corrections. 

In general it follows from the optical observations that the electron con- 
centration decreases and the kinetic temperature increases with altitude, 
starting from values of N ~ 10!” electrons/cm? and T ~ 4400°K at the 
boundary with the photosphere. Since in the layers of the photosphere 
which are responsible for the optical radiation in the continuous spectrum 
the temperature is about 6000°K, it is clear that at the boundary between 
the photosphere and the chromosphere there is a kinetic temperature 
minimum. At the same time the degree of ionization of the chromosphere 
material, which is largely hydrogen, increases rapidly with the rise in 
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temperature as we move away from the photosphere, starting at ~ 1074 
at the h = 0 level and approaching unity at altitudes of h = 6X10? km. 
The comparatively slow rise in temperature in the lower chromosphere 
changes to a very rapid rise in its upper layers. At altitudes of k ~ 2 104 
km the temperature becomes comparable with 10°°K and the electron 
concentration with 5X 10° electrons/cm%, i.e. to the values characteristic 
for the lower corona. 




















TABLE 1 
h, log N, log N | T, °K log N | T, °K | A 
km 
Cold elements Hot elements 
0 15-6 4400 4400 
1000 13-5 11:3 5000 9000 
2000 12-8 10-8 5500 11:3 12,000 0-15 
3000 12:3 10-5 6000 10-9 15,000 0-1 
4000 11:9 10-0 10-6 0-05 
Materials between Spicul 
spicules Picules 
6000 9-4 9-4 10-9 25,000 0:02 
8000 9-0 9-0 > 105 0-01 
10,000 8-8 8-8 40,000 0-001 











As a guide Table 1 shows a two-component model of the chromosphere 
—the distribution at an altitude 4 of the kinetic temperature T, the electron 
concentration N and the concentration N, of all the atoms (both the ionized 
ones and the neutral ones). The table also gives approximate values of the 
relative area of the solar surface A occupied by the “hot” elements of 
the chromosphere (h < 5103 km) and the spicules (h > 5X 10° km). 

For a detailed treatment of models of the chromosphere based on radio 
astronomy data see section 28. 


THE CORONA 


Optical investigations of the corona in the continuous spectrum and in 
the emission lines provide data on the temperature and density. The con- 
tinuous spectrum emission of the corona consists of two components— 
polarized and unpolarized. The polarized emission (or the K-corona) 
arises as the result of scattering on the coronal electrons of light passing 
from the photosphere. The second component (the F-corona) is due to 
scattering of light on dust particles reaching the corona from interplanetary 
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space. Photometry of the K-corona makes it possible to determine the 
distribution of the electron concentration in the solar corona from the 
upper boundary of the chromosphere out to distances R from the centre 
-of the Sun at which the concentration N is not less than 105 electrons /cm?. 
At greater distances investigations of the K-corona lead to less reliable 
estimates of N. 

Since the values of the electron concentration depend on the phase of 
the solar activity, and are different at different latitudes, and are determined 
‘to a considerable extent by the corona’s structural features during the 
observations, it is not surprising that the values of N given by different 
authors do not agree (Shklovskii, 1962; Kuiper, 1953; Allen, 1955; Thomas 
and Athay, 1957; Newkirk, 1959; Bogorodskii and Khinkulova 1950). 
As a whole, however, closer results are obtained than for the chromosphere 
and they have a greater degree of reliability. 

The corona, just like the chromosphere, is largely inhomogeneous. 
Amongst its structural features the most noticeable are the so-called coro- 
nal rays, which are bright extensive formations with an enhanced con- 
centration of electrons sometimes several solar radii long. 

The dimensions and form of the corona change considerably over the 
11-year cycle of solar activity. At the cycle maximum when the Sun’s 
activity, largely expressed in the appearance of spots, flares and the phenom- 
ena accompanying them, reaches a peak the corona takes on a more or 
less spherical shape: the extent of the corona at all heliographic latitudes 
becomes approximately the same (although it is slightly less in the polar 
regions). At the time of a minimum this “maximum” shape of the corona 
gives way to the “minimum” shape, which differs in its smaller extent, 
particularly in the polar regions, and as a result the coronal isophots as- 
sume a characteristic oblate form. 

We note that the maximum shape reaches complete development a little 
‘before the solar activity maximum. Soon after it the corona assumes its 
minimum form, which thus remains for the majority of the 11-year cycle. 

The distributions of the electron concentration N and the kinetic tem- 
‘perature T averaged over the corona’s structural features are important for 
‘solar radio astronomy. One such model of the corona is given in Table 2 
-which gives values of the electron concentration N(R) in electrons per cubic 
centimetre for the maximum and minimum forms of the “quiet” Sun’s 
corona. In both cases the distributions N(R) are given separately for the 
equatorial and polar directions. Table 2 was compiled by De Jager (1959b) 
-on the basis of the following measurements of the K-corona: for the mini- 
mum form in the range 1-03 < R/R, < 3 (Van de Hulst, 1953) and for 
the maximum form in the range 1-03 < R/Rọo < 2 (Newkirk, 1959); the 
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values of N for R > 3R, are given in accordance with Blackwell’s (1956) 
and Elsdsser’s (1957) data. The table also gives the distribution N(R) in the 
corona above a centre of activity (Newkirk, 1959) and the averaged values 
of N in the upper chromosphere (De Jager, 1959a). 

In radio astronomical calculations and estimates of N in the corona we 
often use the so-called Baumbach—Allen formula: 


N(R) = 108[1-55(R/ Ro) °+2-99(R/ Ro) 1°]. (1.1) 


The values of N(R) defined by (1.1) take up an intermediate position be- 
tween the distributions of the electron concentration in the equatorial zone 
near the maximum and minimum of solar activity. At the same time they 
are closest to the values of N given in Table 2 for the maximum form of 
the corona in the polar latitudes. 

As well as the values of the electron concentration we shall be needing 
the values of the characteristic (Langmuir) frequency of the coronal plasma 
oscillations f, = 2xw,, where œ, = (41e2N/m)'” (e is the charge of an 
electron with a mass m). The distribution f (R) in the upper chromosphere 
and the corona is also given in Table 2 (in c/s). 

It follows from the data given that at the lower latitudes the mean 
electron concentration changes by a factor of about 4 in the change from 
the minimum to the maximum form of the corona; this change is half as 
much according to other estimates (Kuiper, 1953). The discrepancy 
evidently occurs because the values of N(R) for the maximum corona 
given in Table 2 relate to the last, exceptionally strong solar activity 
maximum. 

All the available astrophysical data point to a very high kinetic tempera- 
ture in the corona—of the order of 10°°K. Only the existence of this 
sort of temperature can explain the presence in the coronal spectrum of 
the emission lines of multi-ionized atoms such as the red line 2 = 6374 A 
belonging to Fe X, the green line 4 = 5303 A of the Fe XIV ion and, 
lastly, the yellow line A = 5694 A, which evidently is due to the appearance 
of Ca XV in the active regions of the corona. The observed width of the 
emission lines connected with the Doppler frequency shift of ions moving 
at thermal velocities leads to a kinetic temperature of the same order. 
The high temperature explains the considerable extent of the corona and 
the high intensity of its thermal radio emission (the radio emission of the 
“quiet” Sun, see section 28). 

The kinetic temperature in the corona varies slightly with altitude, 
remaining close to 10° °K in the internal regions of the corona and appar- 
ently rises by several factors in layers located above the centres of activity. 
In the external layers of the corona the temperature should decrease, 
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TABLE 2 





Minimum form 


























Maximum form 














RIRo equator pole equator 
N ti N ti N fı 
1-011 | 1-110® | 3-1X10°8 | 8-9108 | 2-7x 108 
1:014 | 40X108 | 1-8108 | 2:8108 | 1-5X10® | 80108 | 2:5 10% 
1-022 | 2:0«108 | 1-3108 | 1:-3x10° | 1-0x« 10° 
1-03 1-6X108 | 1-1108 | 10X108 | 9-:0x107 | 6-3 108 | 2:2x 10° 
1:06 1-3 108 | 1-010 | 7-110? | 7-6X107 | 50X108 | 2:0 10* 
1-1 79X107 | 8-0X107 | 4-010? | 5-710? | 3-5«108 | 1:710® 
1:2 4-010? | 5:7X107 | 1-3107 | 3-2Xx107 | 1-6X108 | 1-110® 
1-4 1-310? | 3-210? | 2-510? | 1-410? | 50X107 | 63x107 
1-6 5-6X108 | 2-110? | 79X105 | 8-010% | 2:010? | 4:0 107 
2:0 1-8X108 | 1:2107 | 20105 | 40X108 | 6-3 108 | 22x107 
3-0 4-0 105 | 5-7 108 | 1-6 104 | 1-1«10® | 4-0 105 | 5-7x10& 
5-0 6:3X104 | 2-2x108 | 2-510 | 4-510° | 4.0104 | 1:8x10® 
10 1-0 104 | 9-0x105 
20 2-510? | 4-5 105 
60 ~ 103 2-8 xX 105 
Maximum form Baumbach-Allen 
R/Ro pole active region distribution 
N Si N Sı N fı 
1-011 1:5Xx10° | 3-5x108 
1-014 | 4-0X10ë | 1-8Xx108 | 1-4XxX 10° | 3-4x«108 
1:022 1:4x 10° | 3-3x10° 
1:03 3-2x10°8 | 1-6X108 | 1:310° | 32X108 | 3-2x10° | 1:6x108 
1:06 2-5 108 | 1-4 108 | 1-:010° | 2-8 108 | 2-3x108 | 1-4 108 
1-1 1-8 108 | 1-2108 | 7-1108 | 2-4 108 | 1-5x108| 1-:110% 
1-2 7-9X107 | 8-010? | 3-4x108 | 1-7X10° | 68x107 | 7-410? 
1-4 2°6X107 | 4-6X107 | 10108 | 1-0*108 | 22x107 | 4-210? 
1-6 1-010? | 2-410? | 4-0 107 | 5-710? | 9-4108 | 27x107 
2:0 2-9 10% | 1-510? | 9-0 10% | 2-7 107 | 2-4 108 | 1-410? 
3-0 2:°2X10° | 4-2 10° 
5-0 9-910? | 8-9x105 
10 1-5K10 | 3-510? 
20 2-4 14x10? 
60 




















§ 1] The Sun’s Atmosphere 


gradually approaching the temperature of the interplanetary medium 
(~ 104 °K). 

The high kinetic temperature leads to the coronal material (largely 
hydrogen) being in the state of an almost completely ionized plasma: 
only a 1077 part of all the atoms of hydrogen remains neutral. 

The Zeeman effect in the solar spectrum, the characteristic configuration 
of the coronal rays in the polar regions and the features of the motion 
of the material in the corona above groups of spots (see section 2) indicate 
the presence of magnetic fields on the Sun. In high heliographic latitudes 
where there are no centres of activity the general magnetic field of the 
Sun is probably close to a dipole. At the level of the photosphere its 
strength, according to the latest data, does not exceed 1 oersted (oe). 
At low latitudes this field is masked by the stronger local fields due to the 
centres of activity; we shall deal with them in the next section. The polarity 
of the Sun’s total field does not remain the same. During the last solar 
activity maximum (1957-8) the direction of the magnetic dipole switched 
round, so that at present the orientation of the Sun’s total field is the same 
as the direction of the Earth’s magnetic field (Babcock, 1959). 

Very valuable information on the upper layers of the corona (the “super- 
corona”) have been obtained by observations of the radio eclipses of 
discrete sources (chiefly the Crab Nebula) by the solar corona (Vitkevich, 
1959, 1960a, 1960b and 1961; Machin and Smith, 195la and 1951b; 
Hewish, 1958 and 1959; Slee, 1961). The minimum angular distance by 
which the Crab Nebula approaches the Sun is about 70’; its radio emission 
then passes through the corona at a distance of 4-5.R, from the centre of 
the Sun. The observed angular size of this discrete source (or, what is 
the same thing, the width of the angular radio emission spectrum), which 
a long way from the Sun is close to 6-5’ (Vitkevich and Udal’tsov, 1958), 
increases sharply as one approaches the Sun.t This effect is caused by the 
scatter of the received radio emission on the coronal inhomogeneities of 
the electron concentration; it may also prove to be significant when 
estimating the true extent of the sources of solar radio emission from 
their observed angular size. 

Investigations of the passage of radio emission from the Crab Nebula 
through the supercorona have shown (Vitkevich, 1960; Hewish, 1959) 
that the scatter of the radio waves in a radial direction is much less than 
the scattering at right angles to it, although noticeable deviations in the 
orientation of the axis of maximum scatter have also been found. This 
anisotropic scattering effect can be explained by the “anisotropy” of the 
ee ney can be used as a “test” source of decametric radio emission (see Vitkevich, 
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inhomogeneities in the supercorona, i.e. their elongated form and their 
orientation largely in directions that are close to radial. It is not excluded 
that similar inhomogeneities of the supercorona are an extension of the 
radial structure of the internal parts of the corona. The form and orienta- 
tion of the inhomogeneities, in all probability, are caused by the effect of 
the Sun’s quasi-radial magnetic field which renders difficult the diffusion 
of charged particles across the lines of force. 

These investigations therefore provide important indications of the 
existence of magnetic fields in the supercorona and their difference from 
the magnetic dipole field in low heliographic latitudes (in the polar regions 
the dipole field is clearly quasi-radial in nature). It is possible that the 
observed orientation of the magnetic field at low latitudes is established 
by the action of corpuscular streams leaving centres of activity (in this con- 
nection see section 17). 

Valuable information can be obtained on the magnitude of the magnetic 
field in the supercorona by measuring the polarization of the Crab Nebula’s 
radio emission during its eclipse by the solar corona (Ginzburg, 1960a). 
See Gol’nev, Pariiskii and Soboleva (1963) on the first observations of 
this kind. 


2. Solar Activity 


In the previous section we have spoken about the physical conditions 
in the relatively stationary atmosphere of the “quiet” Sun. It is rare that 
the Sun can be observed in this state, however: in its atmosphere there are 
generally local disturbances—plages, spots, flares and prominences which 
are closely interconnected and are grouped into so-called centres of activity. 


PLAGES AND FLOCCULI 


The development of a centre of activity starts with the appearance on 
the solar disk of a plage—a bright formation visible in white light near 
the limb and in the light of the intense chromosphere lines (chiefly the H, 
hydrogen line and the K-line of doubly ionized calcium) over the whole 
disk. The areas observed in white light are called photospheric plages and 
their upper part recorded in monochromatic light chromospheric plages. 
The more intense chromospheric plages are sometimes called flocculi. 

The plages may be very extensive, forming plage fields which cover a 
considerable part of the solar surface in the low latitudes. The plages 
which are not connected with sunspots are small, less bright and, as a rule, 
do not last longer than a month. On the other hand, the plages among 
which groups of spots develop evolve rapidly, forming in the course of a 
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few days bright compact groups of flocculi which last for several months. 
They can also be observed after the decay of a group of spots in a time 
that considerably exceeds the life of the latter. The extent of these plages 
is comparable with the linear size of a group of spots or several times greater. 

In regions of the solar disk occupied by plage fields (groups of flocculi) 
and active prominences, local magnetic fields are found whose strength in 
the photosphere is as much as 100-200 oe (generally several times less} 
(Zirin and Severny, 1961; Zirin, 1961). Apparently the lines of force run 
largely along the normal to the solar surface. In cases when there is a 
group of spots in the plage field the distribution of the magnetic fields 
outside the spots matches up badly with the structure of this group. On the 
other hand the general form of the extensive regions occupied by local 
magnetic fields repeats the contours of the plages defined by the distribu- 
tion of the emission in the Ca II K-line (Leighton, 1959). 


SUNSPOTS 


At almost the same time as the flocculi (generally a few hours or days 
later) sunspots begin to develop in them. The sunspots can be observed by 
eye on the Sun’s disk as dark formations due to the sharp contrast between 
the photosphere heated to 6X 10? °K and the “colder” region of the spot: 
the temperature in the central part (in the umbra) of a large, well-devel- 
oped spot is about 4-3 10% °K; on the periphery of a spot (in the pen- 
umbra) it is about 5-5X 10? °K. 

Spots appear in two zones 15-20 heliographic degrees wide at a distance 
of not more than 45° from the Sun’s equator. 

In the process of its development a group of spots passes through 
various stages each of which is distinguished by a type or class of spots. 
The accepted classification includes nine types of spot denoted by the 
letters from A to J; it is based on features of the spots such as size, the 
presence of penumbra and the nature of the magnetic field. 

Thedevelopment of a very large group of spots is achieved by the succes- 
sive transition of the group from one class to another. The life of such a 
group may be more than two months. Groups of spots reach their greatest. 
development in classes E and F. Class E includes large (not less than 10° in 
longitude) bipolar groupst with a complex structure; both the main spots 


+ A bipolar group extends in a direction approximately parallel to the equator. It 
consists of spots concentrated chiefly in the eastern and western parts of the group. 
In these regions are localized two large spots of opposite magnetic polarity (see below). 
Since the group moves from east to west because of the Sun’s rotation the spot in the 
western part of the group is called the leader and the one in the eastern part the follower. 
The area of the leading spot is generally equal to or greater than the area of the following 
one, although it is not unusual for the opposite to be the case. 
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in the group have penumbrae; there are numerous small spots between 
the main spots. Very large (not less than 15° in size), well-developed bipolar 
or multipolar groups of spots form class F. At late stages in their lives, 
after the decay of one of the main spots, the groups become unipolar. 
The smaller groups miss out the more developed stages of E and F; their 
lives are accordingly shorter and on the average are no more than a month. 

The total area o of the spots visible on the surface of the Sun is a con- 
venient index of solar activity. As well as this another quantity is used as 
a characteristic of the level of solar activity: the sunspot number (the 
Wolf number, W), which characterizes not only the number of spots 
but also their degree of concentration into groups (Kuiper, 1953). 

Many years of observations have shown up characteristic changes in 
the values of ø and W with a period of about 11:1 years, which reflect the 
presence of a basic cycle of solar activity. 

With the sunspots are connected strong magnetic fields whose strength 
increases with the size of the spot, reaching maxima of 3500 and even 
4000 oe for large spots ~5 104 km in diameter. The reduction in area 
of a spot during its decay has little effect on the strength of the magnetic 
field which remains at the maximum level for most of the spot’s life. 
Sometimes a noticeable magnetic field remains even when the group has 
disappeared; strong magnetic fields (up to 1-510? oe) sometimes appear 
outside the spots in regions which are not occupied by any active formation 
(Babcock, 1959). 

The field strength distribution at the photosphere level has a maximum 
in the centre of a spot and drops at the outer edge of the penumbra (up to 
values characteristic for the plage magnetic fields of Ho < 100-200 oe). 
The orientation of the field also changes with the transition from the centre 
to the periphery: the angle ð between the lines of force and the normal to 
the Sun’s surface approaches 0 at the centre and 2/2 at the edge of the 
spot. 

The majority of well-developed groups of sunspots, particularly those 
with clearly defined leader and follower spots, are bipolar in nature: the 
magnetic fields in the preceding and following parts of the group run in 
opposite directions. The flux through the leading spot is generally several 
times higher than the flux through the following spot (four times as high 
on the average). It follows from this that most of the flux from the leading 
spot is scattered in a region not occupied by spots (largely on the plages). 

The polarities of the leader spots in groups located in the northern 
and southern solar hemispheres are different. In this case the sign of the 
magnetic field remains constant for the whole of the 11-year cycle, includ- 
ing the activity maximum, changing to the opposite at the cycle minimum. 
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It follows from this that the complete magnetic cycle of the spots is 
22 years. 

The position and nature of the motion of sunspot-type prominences. 
in the coronat and the circular polarization of the radio emission leaving 
the regions above centres of activity (see Chapter IV) indicate that the 
magnetic fields of the spots penetrate the corona. However the greater 
width of the coronal emission lines and the lower values of the field do 
not here permit direct measurements of the strength from the Zeeman 
effect.t 

For practical calculations it is sometimes assumed that the field above 
a spot can be approximated by the field of a circular bar magnet 2b in 
diameter and / >b long, one pole of which is located at the level of the 
photosphere (Fig. la). Here the field strength on the axis of the spot 


N | Photosphere Photosphere 


Fic. 1. Models of the magnetic field of sunspots: (a) unipolar spot; 
(b) bipolar spot 


(i.e. on the normal to the Sun’s surface passing through the centre of the 
spot) 


Ho = Heo (aR) (2.1) 


where Ho, is the field at the base of a spot of radius b, h is the altitude 
above the photosphere. The values of the magnetic field Ho in the chromo- 
sphere and the corona defined by the expression (2.1) are given in Table 3 


t Sunspot-type prominences appear in the corona above spots because of condensa- 
tion and cooling of the coronal material. The matter making up a prominence is 
drawn into the spot along constant trajectories. The form of these trajectories is deter- 
mined in all probability by the configuration of the local magnetic field’s lines of force 
along which the ionized matter moves in the corona. 

t Zirin (1961) and Severny (1958) give data on the existence of magnetic fields with 
a strength of H, ~ 10? oe in the lower chromosphere above a spot. 


1} 


Physical Conditions of the Sun, Moon and Planets [Ch. I 


for Hy, = 2:5X 10° oe and b? = 10'° cm?. The table also gives the values 
of the electron gyro-frequencies fy = @,/27, where w, = eHo/mc (cis the 
velocity of light in a vacuum). This kind of model obviously best corre- 
sponds to a unipolar spot group in which only one magnetic pole is clearly 
defined. As a guide we can use the unipolar model in a bipolar group as 
well for the field characteristic in the immediate vicinity of the spots, at 
altitudes of h = 2b, since in these layers of the chromosphere and the 
inner corona the magnetic field is determined chiefly by one spot. On the 
other hand the unipolar model is also applicable to a certain degree at 
great altitudes in the corona (much greater than the linear dimensions 
of the group) in the case when in the bipolar group the magnetic flux 
through the follower spot is several times less than the flux through the 
leader spot. In the case of a bipolar group with magnetic fluxes of the same 
Strength through the leading and following spots the field of the spots can 
be modelled by the field of a horseshoe magnet with poles located at the 
level of the photosphere (Fig. 1b).t 


TABLE 3 









| h, km | Hy oœ | fay c/s 





R/Ro h, km H, oe | fa, c/s 





1:00 0 2-510? | 7-0 10° 
210? | 2-3X107 | 6-6x 10° 
5X10 | 21x10 | 5-9 10° 

10X10? | 1-710? | 4-9 10° 
16x10 | 1-410? | 3-8x10° 

1-03 2110? | 1-110? | 3-1 10° 

1-06 42X10* | 5-0«10? | 1-4 10° 


1-1 70x10? | 2-210? | 63x108 
12 14104 | 6-110 | 17X10? 
1-4 28x 10* | 1-510 | 4-310" 
1-6 42x 104 73 20x107 
2-0 70x 104 2-5 7-0x10° 
3-0 14x105 |6-5x107!| 1-8x10° 
5-0 28X105 |1:5Xx1071| 42x10 








FLARES 


At times in a centre of activity there are sudden increases in the bright- 
ness of the flocculi in the monochromatic spectrum—chromospheric 
flares. They are particularly noticeable in the H, and K Ca II lines. In very 
Tare cases when the flare becomes very strong it may also become visible 
in integrated light. The time-dependence of the emission in different parts 
of the flare (particularly a large one) may be different, but on the whole 


ł It is often convenient to use another model of the magnetic field above spots in 
which the field is made up of elementary magnetic dipoles located below the photo- 
‘sphere. In the case of a unipolar spot one vertical dipole is taken, for a bipolar one one 
horizontal or inclined dipole or two vertical dipoles pointing in opposite directions. 
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it can be taken that the emission rises quite rapidly (in a few minutes) to 
a maximum and then gradually decreases for 10-100 min. 

As a rule flares appear around sunspots, chiefly near actively developing 
groups, in the first 10-15 days of their existence and only in rare cases on 
plages without spots. Flares appear quite often: during the life of a large 
well-developed group of spots several tens of flares may occur. 

All flares are divided into several classes according to their scales. The 
basis of the classification is the area taken up by the flare on the Sun; in 
addition, the different classes (or degrees) of flares are distinguished by 
duration, width and intensity of the H, line. All these quantities rise with 
the degree of the flare. The weakest flares (microflares) belong to class 1—. 
Their area expressed in millionth parts of the Sun’s hemisphere is no more 
than 100 units. Class 1, 2 and 3 flares are localized on the Sun in regions 
with areas of 100-250, 250-600 and 600-1200 units respectively. Excep- 
tionally powerful and rare events occupying an area greater than 1200 
units belong to class 3+. Flares arise in the chromosphere and some- 
times also embrace the transition region between the chromosphere and 
the corona. The height of the flare—the distance from its top to the photo- 
sphere—shows considerable variation from case to case, being on the 
average about 8 X 103 km although a considerable number of flares (about 
15%) have a height of more than 18 X 103 km (Warwick and Wood, 1959). 

The temperature in the region of a flare is of the order of (1-1-5) X 104°K. 
According to Severnyi’s (1957) estimates the particle concentration is 
about 103 atoms/cm?; the degree of ionization is of the order of unity, i.e. 
the value of the electron concentration is also close to 10! electrons/cm3. 
According to different data (Allen, 1955) the density of the matter is several 
orders higher. 

Cinematographic and spectrographic observations show that the phe- 
nomenon of a flare proceeds in an extremely non-stationary manner. During 
its existence the form of a flare undergoes considerable changes. Material is 
thrown out of the flare region into the corona (prominences of the surge 
type) and this is clearly visible in the H, line (see Fig. 54). The probability 
of an eruption rises with the class of the flare, reaching 80% for class 3 
events. The ejected material often returns to the chromosphere along one 
and the same trajectory. The latter is evidently determined to a consider- 
able extent by the orientation of the magnetic field in the corona. The 
average velocity is not more than 150 km/sec, but sometimes it is more 
than 300 km/sec. 

Higher velocities are observed when flares during their development pass 
through a characteristic “explosive” phase (during which the edges of the 
flare suddenly start to expand with a velocity of several hundreds of kilo- 
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metres per second?) and cause rapid changes and decay of the dark fila- 
ments (prominences) located at great distances in other centres of activity. 
From the time lag of the moments of activation relative to the period of 
the sudden expansion it may be concluded that the velocity of the propaga- 
tion of disturbances from the flare is of the order of 10? km/sec. For three 
events of this kind the presence of high velocities has been confirmed by 
direct observations of the Doppler shift of the H, line in the region of the 
flares. In one case the velocity found in this way for a large cloud formation 
along the line of sight was not less than 2500 km/sec, whilst the transverse 
velocity component of the disturbances was 550-2500 km/sec. It is quite 
possible that we are dealing here with direct observations of the corpus- 
cular fluxes from the flare (or its immediate vicinity) which on passing 
through the corona cause type II and IV radio emission, and near the Earth 
magnetic storms with a sudden beginning (see sections 13, 15 and 17 for 
greater detail) (Moreton, 1960; Athay and Moreton, 1961). 

It is important to stress that these fluxes with a velocity of V, Z 
10° km/sec are not the same as the eruptions of material from the flares 
which can be seen in ordinary observations in H, light, since the velocity of 
the latter is as a rule less than parabolic (< 620 km/sec) and they cannot 
go far beyond the bounds of the corona. At the same time the injection of 
the corpuscular fluxes is apparently somehow connected with the erup- 
tion from the flare and takes place at the same time as or after the latter. 


CORONAL CONDENSATIONS 


The electron concentration N in the corona above a centre of activity 
(groups of flocculi and spots) is generally high. Table 2 (see p. 6), which 
gives the results of measurements of N near a solar activity maximum in 
the equatorial region of the “quiet” Sun and in active regions of the co- 
ronat (Newkirk, 1959), gives some idea of its magnitude. The values of N 
in the active regions is about two times higher than the average values of 
N at the same altitude. 

In the lower layers of the corona (R < 1:1R,) above a centre of activity 
we can observe coronal condensations which are extensive formations 
with a diameter of the order of 2 < 10° km with an elevated electron density 
(the mean value of N in a condensation is 4-5 X 10° electrons/cm? and the 


+ Motions with a velocity of 80-250 km/sec in the flares are also recorded spectro- 
scopically in observations in the wings of the H, line (Severnyi, 1958). 

ł The concentration N in the active regions is obtained on the assumption that the 
density of the material is high when compared with the normal density in a cone with 
an angle of spread of 25° and an axis coinciding with the radius of the Sun. 
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maximum is 8-2 10° electrons/cm? (Waldmeier, 1956)). The kinetic tem- 
perature in these regions reaches (2-4) X 10° °K, and their life is as much 
as several days. In long-lasting condensations of this kind sporadic con- 
densations often occur as the result of a change in temperature or density; 
the latter phenomena are closely connected with the formation of sunspot- 
type prominences. 


3. The Moon and the Planets 


MERCURY, VENUS AND MARS 


Mercury’s period of rotation is the same as its period of revolution round 
the Sun. Therefore the same side of Mercury is always turned towards the 
Sun. This fact and its closeness to the Sun lead to strong heating of the 
illuminated hemisphere and to intense cooling of the hemisphere of Mer- 
cury that is in shadow. The temperature of the planet’s surface at a point 
beneath the sun, measured from the intensity of the infrared emission, is 
610°K. It is close to the equilibrium temperature (633°K), which is defined 
as the temperature of an absolutely black body placed in an orbit normal 
to the Sun’s rays, provided that the only source of cooling is thermal radia- 
tion from the illuminated surface. No measurements have yet been taken 
of the unilluminated part of Mercury. 

There are indications that Mercury retains a very rarefied atmosphere, 
whose reduced heightt is of the order of 25 m. 

The period of rotation of Venus around its axis is unknown. The dense 
uniform cloud cover that conceals its surface from us prevents us from 
determining the period by visual observations. Attempts to find the Dopp- 
ler shift caused by the planet’s rotation for the monochromatic lines in the 
sunlight reflected from Venus have also proved unsuccessful. It can be 
expected that in the near future the period of rotation will be found by radar 
sounding of Venus from the Doppler broadening of the spectrum of the 
signal when it is reflected from the planet’s surface (the data available at 
present (Kotelnikov, 1961; Malling and Golomb, 1961) on this question 
are contradictory). The direction of rotation of Venus is judged from the 
results of analysing the phase curve of this planet’s radio emission (see 
section 20). 


t The thickness of planetary atmospheres is generally described by the reduced 
height for the atmospheres as a whole and the gaseous components comprising them. 
The reduced height is the thickness of a uniform layer which will be formed by the 
atmosphere under normal conditions (a temperature of 273°K and a pressure of 
760 mm Hg). 
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Measurements of the emission from Venus in the far infrared spectrum 
have shown that the temperatures of the day and night sides of the planet 
are very close to each other and to the value of 234°K. This information 
relates to the upper layer of clouds. In the underlying Jayers of the atmos- 
phere the temperature rises (according to observations of the vibrational- 
rotational CO% bands it is 285°K). Optical astronomy is unable to provide 
information on the temperature conditions of the layers of the atmosphere 
under the clouds or of the surface of Venus, which are completely un- 
reachable for observations in the optical and infrared spectra. Radio 
astronomy is playing an important part in the solution of this problem 
(sections 20, 34). 

Strong CO: absorption bands in the infrared spectrum of the solar 
radiation reflected from Venus indicate the presence of carbon dioxide in 
its atmosphere. The CO, content above the cloud layer corresponds to a 
reduced height of 100-1000 m. Allen (1955) indicates that the oxygen’s 
reduced height cannot exceed 2 m and that of water 1 m, i.e. on Venus the 
amount of Oz and H2O above the clouds is less than 1-5X 10-73 and 
5 X 107? of the corresponding values in the Earth’s atmosphere. According 
to Strong’s preliminary data (see Kellogg and Sagan, 1962) the abundance 
of water vapour in Venus’s atmosphere above the clouds is about 19 
microns of precipitated water. Nor is it excluded that the atmosphere of 
Venus contains a considerable quantity of nitrogen (up to 80%) even 
though it does not give any absorption bands in the infrared spectrum. 
Traces of nitrogen (Na and N+) at great altitudes have been found in 
studies of the noctilucence spectrum of Venus (Kozyrev, 1954). 

The composition of the clouds that envelop Venus is unknown, al- 
though probably the most widely held opinions are that they are formed 
by water droplets or ice crystals, or dust raised by wind from the 
planet’s surface. 

The measurements made by the “Mariner II” space probe did not dis- 
cover Venus’s magnetic field. It was possible to estimate the upper limit 
of the field strength (5-10% of the corresponding value on Earth) (Sky 
and Telescope, 1963). 

The mean temperature of the illuminated disk of Mars is about 245°K. 
In the tropical zone in the middle of the southern summer the temperature 
reaches a maximum (~ 300°K) soon after midday; in the morning and 
evening it may decrease by about 80°. The temperature also varies notice- 
ably with latitude. 

The reduced height of the atmosphere of Mars is estimated as 1750 m 
from measurements of the scattering of light by the planet’s gas shell. 
Only carbon dioxide CO, can be found spectroscopically of all the atmos- 
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pheric components; its reduced height on Mars is 13 times greater than 
on Earth and is about 36 m (Grandjean and Goody, 1955). The other 
components of the Martian atmosphere are unknown but in all probability 
the basic component is nitrogen. It is possible that argon is present evolved 
in radioactive processes in the planet’s crust; its content is estimated at 
approximately 20 m. The upper limit for the amount of oxygen in the 
Martian atmosphere is 2-5 m, whilst that for water is 0-2 m and possibly 
even 0-03-0-05 m. 


JUPITER AND SATURN 


Just like Venus these planets are covered by a dense layer of clouds 
(consisting, apparently, of ammonia crystals) which conceal the lower 
atmosphere and the surface of the planets from us. Light and dark 
bands running parallel to the equator can be seen in photographs of 
Jupiter and Saturn. The first are apparently higher and thicker cloud for- 
mations than the second. The detailed structure of these bands and the 
nature of the transition between them show noticeable changes in the 
course of a few days. A particular feature of the visible surface of Jupiter 
are dark and white spots which indicate motions of the cyclone and anti- 
cyclone type in its atmosphere. As a whole the changeability and com- 
plexity of the visible surface of Jupiter (and to a lesser degree of Saturn) 
are connected with intense processes of formation, rebuilding and break- 
down of cloud layers at different altitudes. These processes in their turn 
may be caused by intense horizontal currents, convective currents and 
temperature variations in the atmospheres of these planets. The most stable 
element of Jupiter’s visible surface is the so-called Red Spot, which is 
located near the equator (to the south of it). 

The period of Jupiter and Saturn can be determined from the rate of 
movement of the surface’s visible details over the disk. The rotation of 
Jupiter and Saturn is differential in nature: the angular velocity of the 
cloud layers depends on the latitude. For these planets the equatorial 
periods of rotation (or, as is generally said, the periods in coordinate sys- 
tem I) are 9°50™30° and 10°14™ respectively. The time for a complete 
revolution of Jupiter II, which is used for latitudes p > 12°, is 9°55™24*; 
for the middle latitudes on Saturn the corresponding figure is 10°38™. 

In the infrared part of the solar spectrum reflected from Jupiter and 
Saturn there are powerful absorption bands which indicate the presence 
of large quantities of methane and ammonia in the atmospheres of these 
planets. The reduced heights of CH4 and NH; above Jupiter’s cloud layer 
are approximately 150 m and 7 m. The content of these gases on Saturn is 
given by values of 350m and 2 m. As well as the methane and ammonia 
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the atmospheres of the large planets contains H2,t probably helium and 
in smaller amounts nitrogen and argon. The infra-red temperature of 
Jupiter which characterizes its cloud cover is about 130°K; for Saturn 
it is probably slightly less (120°K). 

The atmospheres of Uranus and Neptune differ by a higher content of 
Methane than the atmospheres of Jupiter and Saturn (2200 m and 3700 m); 
the quantity of ammonia, however, is too small to be found by spectro- 
scopic methods. This is due to the “freezing out” of the NH3 from the 
atmosphere because of the low surface temperature of Uranus and Nep- 
tune (~ 100°K). At the same time a spectroscopically significant amount 
of hydrogen has been found in the atmospheres of these planets; its 
reduced height for Uranus is estimated as 5X 104-105 m. 


THE Moon 

The Moon, seen from the Earth, subtends an angle of 31’, which is close 
to the angular diameter of the Sun. The Moon’s period of rotation is 
exactly the same as the time it takes to revolve round the Earth. The same 
side of the Moon is therefore always turned towards us, unless one con- 
siders certain “rockings” of the Moon—librations connected with the el- 
lipticity of its orbit and the inclination of the latter to the plane of the 
lunar equator. 

The area of the lunar disk illuminated by the Sun varies depending 
upon the positions of the Moon, the Earth and the Sun in relation to each 
other. The degree of illumination is described by the Moon’s phase y, 
which is defined as the angular distance between the Sun and the Moon in 
the heavens. The period of a complete change of phases (from 0° to 360°) 
is called lunation; it is 29-53 days. 

On the surface of the Moon we can see dark plains—the so-called 
“maria”—and light mountainous areas—“continents”—surrounding them. 

According to measurements of the Moon’s own emission in the infra- 
red spectrum the temperature of its surface varies over a wide range de- 
pending on the degree of illumination by the Sun’s rays. The maximum 
temperature at the centre of the disk occurs at full moon and the minimum 
at the new moon; in the intermediate phases the greatest temperature is 
reached at the point lying beneath the Sun. Therefore no noticeable shift 
is observed in the phase between the illumination of the Sun and the tem- 
perature of the Moon. 


+ The presence of hydrogen in Jupiter’s atmosphere has been recently confirmed by 
spectroscopic observations (Kiess, Corliss and Kiess, 1960); their processing has made 
it possible to estimate the hydrogen content above the cloud layer at 5500 m of atmos- 
phere (Report of Princeton University Observatory, 1960). 
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The temperature at the centre of the disk varies between 407° and 120°K. 
However, measurements of the absolute values of T are very uncertain. 
Therefore a value of 375°K obtained from theoretical considerations is 
often taken for the temperature at the point beneath the Sun. There is a 
considerable change in the temperature not only when there are the com- 
paratively slow variations in the conditions of illumination during the 
lunation but also during lunar eclipses. In the latter case a temperature 
drop of the order of 150-200° takes place very rapidly, taking about 1 
hour. This fact, as well as the absence of any noticeable lag in the tempera- 
ture of the Moon behind the change in phase, obviously indicates a very 
low thermal conductivity for the lunar surface, which ensures that the 
side of the Moon in shadow cools rapidly by radiation and the illuminated 
side heats up rapidly. 

There is practically no atmosphere on the Moon: its reduced height is 
no more than 107? m. It has been possible to obtain the upper limit for 
the electron concentration N in the Moon’sionosphere (107-104 electrons/ 
cm?) when measuring the refraction of the radio emission of discrete 
sources (the Crab Nebula) at metric wavelengths when they pass close to 
the Moon’s limb (Elsmore, 1959). 


CHAPTER II 


Basic Characteristics 

of Extraterrestrial Radio 
Emission and Methods 
for Studying Them 





Cosmic sources of radio emission create on Earth an electromagnetic 
field E(t), H(t), the total energy flux in which is 


S = ff Ko, 2) do dQ. 


Here / is the spectral intensity of the radio emission, i.e. the energy flux 
in a unit range of angular frequencies œ = 2xf and solid angles 2. The 
dependence of J on the frequency w determines the frequency spectrum 
and the dependence on the direction in space 2 determines the angular 
spectrum of the radio emission. 

In a vacuum the quantity J can always be represented in the form of the 
sum of the intensities of two elliptically polarized waves 1 and 2: 


I= li+ Tz, 


the field vectors in which rotate in opposite directions describing in a 
plane orthogonal to the direction of propagation similar ellipses with 
their long axes at right angles to each other. The ratio of the axes in each 
ellipse, in particular, may be equal to zero (two linearly polarized compo- 
nents) and unity (two circularly polarized components). The relationship 
between the intensities of the waves 1 and 2, the degree of coherency and 
the phase difference between them determine the nature of the polariza- 
tion of the radio emission. 

Investigation of the three characteristics of radio emission—the fre- 
quency spectrum, the angular spectrum and the polarization—by themselves 
and in connection with different kinds of optical phenomena is the basic 
source of information in radio astronomy about the nature of cosmic 
objects. We obtain information on these characteristics by radio telescopes, 
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which are devices consisting of an aerial system and a power-measuring 
device (radiometer). The magnitude of the signal at the output of the 
radiometer (the radio telescope’s response) Æ when receiving the radio 
emission is proportional to the expression 


Iff [Ki(@, 2) Lh, 2) + K2(o, Q) Iw, RY) doo dQ. 


The aerial system as a rule receives waves of one polarization preferentially 
(circular, elliptical or linear). Therefore Kı « Ke, or on the other hand 
Ke «œ Kı, and in the expression for £ only 7, and T, actually figure. The 
dependence of Ki or Kz on the frequency œw determine the frequency re- 
sponse of the radio telescope and the dependence on the direction 2 deter- 
mines its directional characteristics. From the magnitude of the response 
& to the radio emission received by devices with appropriately selected 
frequency characteristics and directional characteristics we can judge the 
frequency and angular spectra and also the polarization of this emission. 

The corresponding methods of investigating extraterrestrial radio emis- 
sion will be described briefly in this chapter. The reservation must be made 
here that we shall leave aside any discussion of the operating principles 
of radiometers (the design of systems with given frequency responses, 
methods of distinguishing a weak signal at the level of the intense natural 
noise of the receiving apparatus, etc.). 

When studying the features of extraterrestrial radio emission from its 
characteristics on Earth it must be remembered that the properties of 
the radio emission may change noticeably in the process of propagation 
from the source to the receiver. The present chapter therefore provides 
information on the degree to which the Earth’s atmosphere affects the 
propagation of radio waves necessary to draw conclusions on the proper- 
ties of the sources of radio emission from their observed characteristics, 
and conditions are explained when this effect can be neglected. 


4, Frequency Spectrum 


In all cases of practical interest the receiving apparatus is designed so 
that the function K,(@, 2) (j = 1, 2), which has a maximum at the “work- 
ing frequency” œ = wo, drops fairly rapidly as œ moves away from wo. 
If we define the concept of the frequency bandwidth of the receiving device 
Aw, at the half intensity level by the relation Aw, = |@1 — w2], in which œw, 
and œz satisfy the equations K,(@1) = K; (w2) = iK, (@o), then the expres- 
sion “fairly rapidly” will mean that 4w, is small when compared with the 
frequency range 4w in which there is a noticeable change in the value 
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of the radio emission’s spectral intensity J,. Then in the expression 
E = A ff Kj, 2) Ie, 2) do dQ (4.1) 


we can take away the slowly varying function J, from the integral sign in œ 
with a value at the point œ = apo: 


Z = A f Iwo, 2) F(Q) dQ. (4.2) 


Here A denotes a certain constant coefficient characterizing the amplifica- 
tion of the whole receiving section and F,({2) the integral 


f Klo, 2) do, 


which we shall call the aerial polar diagram in the frequency band 4w,,. 

For making relative measurements of the spectral intensity of the radio 
emission it is not necessary to know the value of A in (4.1)-(4.2): it is 
sufficient to be certain that it remains constant in the process of observa- 
tion. However, it is impossible to make absolute measurements of J, 
(to be more precise S, = JLE dQ) without determining the value 
of A, i.e. without carrying out an absolute calibration of the apparatus. 
The latter consists of bringing to the input of the receiver (to the aerial 
or the radiometer) the emission of a source whose intensity is considered 
to be known. 

In the ordinary method of absolute measurements, when the signal 
received is compared with the emission of a thermal standard (a “black” 
body heated to a definite temperature and connected up to the radiometer 
input instead of the aerial) an exact knowledge of the aerial polar diagram 
is obviously necessary. In practice, however, determination of the diagram 
(in particular allowing for scattering in the side lobes) is a very difficult 
‘problem, which is a source of systematic errors in measurements. Therefore 
the accuracy of the majority of absolute radio-astronomical measurements 
of radio emission intensity is no better than 10%. 

At the same time this accuracy is clearly insufficient for a wide range 
of problems and in particular for measuring the radio emission flux of 
the Sun, the Moon and the planets. Therefore Krotikov, Porfir’yev and 
Troitskii (1961) suggested a new method for absolute measurements which 
has begun to be used in studies of the Moon’s radio emission (see section 
21). This method consists of comparing the response to the Moon’s radio 
emission with the quantity £ when receiving the emission of a standard; 
for this purpose an “artificial Moon” is used (a “black” body with angular 
dimensions the same as the visible diameter of the Moon) placed in the 
“wave zone of the aerial system. Since the radio emission of the Moon and 
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the standard is received under identical conditions with respect to the 
aerial system there is no need with this method to determine the aerial 
parameters (see equation (4.2)). This makes it possible to eliminate the 
main source of errors and increase the accuracy of measurements up to 


2-3%. 


AERIAL TEMPERATURE AND EFFECTIVE TEMPERATURE OF RADIO 
EMISSION 


In radio astronomy the spectral intensity J(w, 2) of the radio emission 
is generally described by the value of the effective (or brightness) tempera- 
ture T.e. It is defined as the temperature of an equilibrium emission whose 
intensity 
1 Fe w xT 

J — Bæ 





(4.3) 


is equalt to Z (œ, Q) (T is the equilibrium emission temperature, x is the 
Boltzmann constant, c is the velocity of light in a vacuum). In accordance 
with this definition 7,, is in this case a function of the frequency œ and 
the direction 2 connected with I,(w, 2) by the relation 





Ter = — : (4.4) 


The point of introducing the effective temperature is that in the case 
of thermal emission T,ẹ is connected with the kinetic temperature T of 
the source by a very simple relation, and is equal to T when the emitting 
region is thick enough (see section 26). 

On the other hand, the concept of the aerial temperature T4 is exten- 
sively used for the characteristics of the radio emission flux received by 
the aerial. It is defined as the temperature of an opaque cavity in which 
the response £ when the aerial system is placed in it will be equal to the 
response to the emission received. In other words, the aerial temperature 
is the temperature of an equilibrium (isotropic) emission whose action on 
the receiving devicet 

E = AIP(coo) | FdQ (4.5) 


is equivalent to the action of the investigated (non-isotropic) radio emission 
(see equation (4.2)). 


+ Planck’s law becomes the Rayleigh—Jeans formula (4.3) provided that iw « xT, 
where # is Planck’s constant. In the radio band at frequencies w £ 210" sec™! (i.e. at 
wavelengths A 2 1 cm) this inequality is valid for emission temperatures T > 1°K. 

t Here and in future we shall omit the suffix j in F for brevity of notation. 
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Equating the expressions (4.2) and (4.5) and taking (4.3) and (4.4) into 
consideration, we obtain a simple relation connecting the aerial temper- 
ature with the distribution of the effective radio emission temperature 
over the sky: 


[Ten F dQ 


Taz — 
[ra 


(4.6) 


The aerial temperature T4 is also the quantity which is measured when re- 
ceiving the radio emission from the response of the radio telescope £ after 
corresponding calibration of the apparatus. 

It is clear from equation (4.6) that in the general case T, depends not 
only on the distribution of the effective temperature over the sky T._(2) 
but also on the nature of the polar diagram F(2) of the aerial system, 
determining the mean diagram-weighted effective temperature of the 
observed radio emission. 

Let us examine the case when the diagram F(Q) has one high maximum 
in the direction 2o and determine for it the width of the diagram at the 
half-intensity level (the width of the main lobe) as the range of angles 
46, around Qp in which F(Q) = $F(Qo). 

If the width of the aerial diagram 46, pointed at a radio emission source 
is small when compared with the angular size 40,t of the source, then 
the effective temperature T, in equation (4.6) can be taken out of the 
integral with a value of 2o in the direction of the main maximum of the 
diagram. Then the aerial temperature is obviously the same as the effective 
temperature 7,, of the source in the direction 2p: 


Ta 7X Tex(Qo). (4.7) 


In accordance with equation (4.2) the signal at the receiver output will 
here be directly proportional to the intensity of the radio emission in the 
direction 2o. 

The angular sizes of the sources of radio emission in the solar system 
are very small: for the Sun and the Moon they are no more than fractions 
of a degree and no more than a few minutes for the planets. Therefore 
the problem of designing aerial devices with highly directional properties 
suitable for satisfying the inequality 40, «< 40, (when we can study the 
detailed distribution of Tẹ over the source and judge its exact size) is 
very complex. This explains the fact that in many cases radio astronomy 
observations are made with aerials with comparatively poor directional 


+ To be more precise, with characteristic angular distances at which there is a notice- 
able change in the magnitude of the brightness temperature. 
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properties: 40, > 40,. In this extreme case 


J Tex dQ 


Ta = F(Q;) —_— , 


(4.8) 
where 9, is the direction of the centre of the source. If the latter is the 
same as 2%, then 

J Tend 


Ta ye F(Qo) fraa . 


(4.9) 


The latter relation can be written slightly differently if we define the solid 
angle subtended by the source, for example, by the expression 


Q, = f dQ (4.10) 


in which the integral is taken over the region of the source where T.e > 
$T og max» and introduce the mean effective temperature of the emitting 
region 





f Tex dQ 
= 2 4.11 
Tete Q, . ( ) 
Then obviously 

THA F(Q) Tex Qs ai Tea Qs i (4.12) 


f FdQ Qa 
In changing to the last expression we have said approximately 
f FdQ ~ FQ) 24, 


where 2, is the solid angle occupied by the main lobe of the aerial. In 
accordance with equation (4.2) in the extreme case in question the signal 
& at the output and the aerial temperature T, will be directly proportional 
to the integral 

Sjo = f G, (4.13) 


whose significance is the spectral flux of the radio emission from the whole 
source. 

Therefore the use of aerials with poor directional properties does not 
permit us to determine the true size of the source and therefore does not 
make it possible to find its effective temperature T,, from the known 
aerial temperature T4 (or the flux S;,.). This is also one of the reasonst why 
instead of the effective temperature T,ş use is often made of the so-called 
reduced effective temperature, relating it to the optical size of the source 


+ Another reason is that effective temperatures of sources that are different in size 
reduced to the same area make possible a direct comparison of the magnitude of the 
spectral emission fluxes from these sources (see equation (4.14)). 
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(in particular to the visible disks of the Sun, the Moon and the planets), 
and it is denoted by Tigo, Tege etc. 

By definition the reduced effective temperature of the solar radio 
emission related to the Sun’s optical disk is the name given to the tempera- 
ture which the Sun’s surface should have when emitting as an absolutely 
black body to produce near the Earth a radio emission flux S® at a fre- 
quency w equal to the observed S,,,.Since the spectral flux of the emission of 
a black body under the above conditions is 


So = IV Qo, 


where J( is the quantity from the formula (4.3) and Qs is the solid angle 
subtended by the optical disk and is equal to zR? /R2_,(Ro is the radius of 
the Sun, Ry, is the distance from the Sun to the Earth), it becomes clear 
that Togo is determined by the relation? 











oxT ero 
Se = ST 9, (4.14) 
or 
a xT eo ‘a xT ero tR%o Le —24 Tero -2 -1 
Sy = 72 Qox 2 Ri, ~ 9-4X10 -z Wm “2c/s-1, (4.15) 


Here w = 2af = 2ac/A, A is in centimetres, T.¢o is in °K. 
For comparison it should be recalled that To ~ 10° °K in the metric 
band (at A ~3 m) corresponds to a flux of S,- ~10-?? Wm™ c/s7}. 
By comparing the expressions (4.13) and (4.14) for S,, (remembering 
the definition of T., (4.4)) it is easy to find the connection between the 
“true” effective temperature and the “reduced” temperature of the source: 


J TerdQ = Teo Qo. (4.16) 
Since at the same time 
Í Teg dQ = Tee Qs 


(see (4.11)) it is clear that 
Te SeN Qo 


(4.17) 








Ter © ~ Qs ` 

The definition of the reduced effective temperature given above as 
applied to the solar radio emission is easy to rephrase for the case of the 
planets. In this case in the formulae (4.14)-(4.17) we must replace Tato» 
Qo Ro and R,_, by new notations and the coefficient 9-4 X 10~*4 (unless 
great accuracy is required this coefficient can be left the same for the Moon 


t We would stress once again that here it is the flux $ for one polarization that 
figures. In the case of unpolarized (naturally polarized) radio emission the flux Sja is 
equal to half the total spectral flux Sa. 
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since Q, = Q,). 


STUDYING THE RADIO-EMISSION FREQUENCY SPECTRUM. MULTI-CHANNEL 
RECEIVING DEVICES AND RADIO SPECTROGRAPHS 


When the generation and propagation conditions of the radio waves 
change the radio emission does not remain constant. Although the spectral 
intensity J;, which characterizes the energy flux in the Fourier component 
of an expansion of the electromagnetic field in the frequencies w and the 
directions 2, is by its very nature a strictly constant quantity, a radio 
telescope can find these changes since the signal at the output is in fact 
determined by the intensity in the whole frequency band Aw, and not at 
one frequency. In this case the response = will reflect the quasi-stationary 
variations in the radio emission flux S(t) in the range 4w, (with the 4a, 
band-averaged quantity S (t) = S(t)/Aw,)t if the characteristic time of 
these variations is >> 1/4w,. For the radio emission of the Sun and the 
planets ¢ is known to be not less than 1073 sec, so the inequality above is 
easily satisfied with a band wider than 1 kc/s. In practice the band 4a, is 
generally many times greater than this value and the value of ¢ in fact 
has its lower limit set by the radio telescope’s response, which is char- 
acterized by the time constant fo. 

We can obviously use a series of separate receivers with different working 
frequencies in the band of interest to us to study the frequency spectrum 
of the radio emission (i.e. the frequency dependence of the intensity or 
flux). Sometimes these devices are designed to combine into a single in- 
stallation consisting of a common aerial and a multi-channel receiver (see, 
e.g., Vitkevich, Kameneva and Kovalevskii, 1956). The number of these 
devices (the number of channels) should be fairly large. This is necessary 
for the differences Awo between the frequencies of adjacent channels to be 
less than the characteristic frequency range Aw in which there is a signifi- 
cant change in the value of the intensity of the radio emission being re- 
ceived. 

This requirement is comparatively easy to satisfy when studying smooth 
spectra for which the range Aw is generally comparable with œw; then the 
number of channels does not as a rule exceed ten. As examples of these 
spectra we can take the radio emission spectrum of the “quiet” Sun, of 
some components of the sporadic solar radio emission (the slowly changing 
component, microwave bursts, enhanced radio emission and type IV 
events), and the spectra of the Moon’s radio emission and the continuous 
radio emission of the planets (see Chapters III-V). 


t Which we shall also call (slightly incorrectly) the spectral emission flux. 
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In the last case the basic problem is to obtain a sufficient ratio between 
the level of the useful signal at the output to the value of the fluctuation 
threshold of the receiver sensitivity, which is necessary for certain record- 
ing and measurement of the very weak radio emission flux. This is the 
reason for designing aerials with very large dimensions which will collect 
the radio emission over a large area and for using masers in radiometers 
to make a sharp reduction in the natural fluctuation level at the output of 
the receiver (see Alsop et al., 1959, and Giordmaine et al., 1959, on the 
use of masers in radio astronomy). 

On the other hand the use of multi-channel receivers for a detailed 
analysis of the spectra of certain components of solar radio emission 
(chiefly types II and III bursts) becomes difficult. The point is that the 
frequency spectrum of these components of the radio emission at metric 
and decametric wavelengths changes sharply in a range of a few mega- 
cycles, whilst the entire event as a whole occupies a spectrum tens and 
hundreds of megacycles wide. It is clear from what has been said that 
obtaining satisfactory information on the spectrum of these components 
with a multi-channel receiver involves considerable complication of design 
since the number of channels must now be increased to many tens. Low- 
frequency resolution explains why multi-channel receivers have not been 
widely used to study the frequency spectra of sporadic radio emission. 

At present the basic source of our knowledge about the complex spectra 
of the Sun’s sporadic radio emission is a different type of receiver—the so- 
called radio spectrograph.t This is a combination of a wide-band aerial 
and a radiometer whose working frequency wọ changes in time, passing 
at metric wavelengths through a frequency range of several tens or hun- 
dreds of megacycles two or three times per second.+ The signal at the 
output of the radio spectrograph modulates the brightness of a beam 
which moves linearly over the screen of an oscillograph in time with the 
change in frequency wo. The picture is photographed onto a continuously 
moving film strip; thus the latter records the “dynamic spectrum” of the 


t Vitkevich, Kameneva and Kovalevskii (1956); Wild and McReady (1950); Wild, 
Murray and Rowe (1954); Goodman and Lebenbaum (1958); Thompson (1961); 
Markeyev (1961); Sheridan and Trent (1961); Sheridan and Attwood (1962); Boishot, 
Lee and Warwick (1960); Young et al. (1961); Kundu and Haddock (1961). 

t The first radio spectrograph, which was designed in the fifties by Wild and his 
collaborators (Wild and McReady, 1950; Wild, Murray and Rowe, 1954), consisted of 
three similar devices operating in the 40-57, 75-140 and 140-240 Mc/s ranges respec- 
tively. Radio astronomers now have spectrographs with which they can study the radio- 
emission frequency spectrum in the range from 4000 to 2000 and from 950 to 5 Mc/s 
(see Goodman and Lebenbaum, 1958; Thompson, 1961; Markeyev, 1961; Sheridan 
and Trent, 1961; Sheridan and Attwood, 1962; Boishot, Lee and Warwick, 1960; 
Young et al., 1961; Kundu and Haddock, 1961). 
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radio emission in which the spectral flux is shown by the degree of darken- 
ing (or lightening) on the “frequency-time” diagram. The dynamic spec- 
trum (i.e. the frequency spectrum’s change in time) is an important char- 
acteristic of the sporadic radio emission; the form of the dynamic spec- 
trum basically determines which type a given event belongs to (see Chapter 
IV). 

The frequency resolution of a radio spectrograph is determined by the 
bandwidth Aw, of the receiver at a fixed value of wo. In Wild’s radio 
spectrograph the resolution is about 0-5 Mc/s, which is generally sufficient 
for studying all the components of the Sun’s sporadic radio emission. The 
time resolution, which depends on the number of frequency scans in unit 
time, is fractions of a second as a rule. No more is required when studying 
almost all the components of the sporadic radio emission with a charac- 
teristic change time of a few seconds or more; this resolution is not suffi- 
cient, however, for a detailed investigation with type I bursts with a life 
of less than 1 sec. Because of the narrowness of the frequency range cover- 
ing the spectrum of individual type I flares they are studied with a radio 
spectrograph with a higher flyback rate in a comparatively small range 
(~ 10 Mc/s (Elgaroy, 1959)) and generally on multi-channel devices with 
a low time constant (Groot, 1959). In the latter case sufficient frequency 
resolution is achieved by all the channels being concentrated in a narrow 
range of frequencies. 

It should be pointed out that multi-channel devices or a set of installa- 
tions with fixed working frequencies, on the one hand, and radio spectro- 
graphs, on the other, complement each other well in their properties. 
Radio spectrographs have high-frequency resolution and immediately pro- 
vide a dynamic spectrum of the radio emission at the output. As a rule, 
however, they have lower sensitivity because of the use of wide-band aerials 
and the desire to obtain even amplification over the range. The problem 
of making a high-frequency (centimetric and millimetric band) radio 
spectrograph is very complicated because of difficulties of carrying out 
tuning within wide enough limits. On the other hand, multi-channel devices 
or a series of installations with fixed frequencies can work in any part of 
the radio band. Here it is easier to obtain high sensitivity and ensure good 
time resolution. The frequency resolution of this kind of system is not 
nearly so good as that of radio spectrographs, however. In this case the 
dynamic spectrum of the radio emission needs additional and very labo- 
rious (because of the great duration of the observations) processing of the 
output data, whilst in a radio spectrograph the dynamic spectrum is ob- 
tained directly in an easily comprehensible form. 
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5. Angular Spectrum 


AERIAL SYSTEM REQUIREMENTS IN RADIO ASTRONOMY. PARABOLIC 
AERIALS 


The angular spectrum J,(Q) of the radio emission characterizes the radio 
brightness distribution in the sky, i.e. the dependence of the effective tem- 
perature 7, on the direction 2. Since the polar diagrams of real aerials 
have a finite width, as the result of measurement we do not obtain the 
values of T,, at each point in the sky but the value of the aerial tempera- 
ture T4 which has the meaning of the diagram-averaged effective tempera- 
ture (see equation (4.6)). Therefore when studying the radio brightness 
distribution with an aerial whose diagram width is AO, it is impossible in 
practice to discover distribution details whose characteristic size is 
40 < 404. The narrower the aerial diagram the higher its angular resolu- 
tion in the sense of the aerial temperature’s reflecting finer and finer details 
of the real distribution of Tg in the sky. 

Therefore the ideal aerial system for the purposes of radio astronomy 
will obviously be a system the width of whose polar diagram is much less 
than the characteristic angular size of a significant change in the value of 
the radio brightness. This requirement is very rigid. In actual fact if as the 
aerial system we have an analogue of the optical telescope-reflector (a 
reflecting paraboloid with a receiving aerial set at the focus) the width of 
the polar diagram 46, in all the planes passing through the axis of the 
paraboloid is the same as and close to 4/d, where d is the diameter of the 
mirror.t When studying the solar radio emission it is desirable to have a 
diagram with a width of up to 1’ for resolving individual local sources on 
the disk, although in a number of cases even this is insufficient. At a wave- 
length of A ~ 1 cm a 35-m diameter mirror has such a diagram; at wave- 
lengths of A ~ 10 cm and 100 cm this size is increased by a factor of ten 
and a hundred respectively. If at the same time we remember that when 
designing systems of this kind provision must be made for rotating the 
aerial in a given direction it becomes clear that parabolic aerials with good 
directional powers that are sufficient for studying the brightness distribu- 
tion over the Sun’s disk can be made only for the millimetric and centri- 
metric bands. 

An easier problem than the design of a narrow (“pencil”) beam is the 
obtaining of a so-called “knife-edge” beam with high azimuthal direc- 
tional features and low angular position resolution. An example of an 


+ Here the width of the aerial diagram actually means the width of the main lobe at 
the half-intensity level. 
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aerial with a polar diagram of this type is the aerial of the Pulkovo radio 
telescope designed by Khaikin and Kaidanovskii (1959) (see also Khaikin 
et al., 1960). It consists of a series of panels set on a curve whose shape 
ensures the reflection of a plane wave coming down at an angle into the 
receiving aerial located near the Earth’s surface. Obviously the reflecting 
panels must be set on a curve formed by the intersection of a paraboloid 
of rotation (whose focus is at the point where the receiving aerial is) with 
a plane parallel to the Earth’s surface in order to achieve this. This curve is 
an ellipse; its shape must obviously be altered slightly depending upon the 
angular position of the source of the radio emission being received (when 
the angular position of the source approaches zero the ellipse becomes a 
parabola). The design of the Pulkovo aerial provides for changing the 
shape of the curve by the ability of the reflecting panels to be moved within 
certain limits. With a total panel length of about 140 m, a height of 3 m 
and a special design of primary radiator the width of the polar diagram in 
azimuth at a wavelength of A = 3 cm is of the order of 1’ and of the order 
of 1° for angular position. The passage of a source of radio emission 
through the beam gives a one-dimensional distribution of the radio bright- 
ness over the diskt 


GO) = f (0, E) d, (5.1) 


where 0 and & are the angular coordinates in the sky. 


THE TWO-ELEMENT INTERFEROMETER 


A successful attempt to combine the requirement of high resolving 
power with a small aerial system area was the design of interferometers of 
different kinds. The latter are widely used in radio astronomical observa- 
tions, particularly at wavelengths of 2 > 10 cm where it becomes difficult 
to obtain high resolution with parabolic aerials. 

The simplest two-element interferometer, which was used for studying 
the solar radio emission right at the beginning of the development of radio. 
astronomy (Ryle and Vonberg, 1948), consists of two identical aerials a 
distance D apart and coupled by connecting lines with a single receiver. 
(In optics this kind of system is called a Rayleigh interferometer.)t 

If a plane monochromatic wave of frequency w is incident on the inter- 
ferometer at an angle 0’ to the plane of the interferometer (i.e. the Fourier 
component of the frequency and angular spectra of the radio emission 


+ This is true provided that the angular diameter of the source is less than the beam 
width of this aerial with respect to the angular position but much greater than the 
azimuthal width. 

t This plane passes through the middle of the base (i.e. through the centre of the 
distance D between the two aerials) orthogonally to the latter. 


31 


Extraterrestrial Radio Emission [Ch. ll 


with an intensity J,), then the voltages Ei, Ez produced at the junction of 
the cables coming from aerials 1 and 2 will be 


E, = Eo sin (t+), 


: i 5.2 
Ez = Eo sin (t+ yet KD sin 0°), 


where E> is proportional to J,.t In the relations (5.2) KD sin 6’ is the phase 
lag due to the difference in travel D sin 6’ in the propagation of the wave 
to aerials | and 2 (k = 27/2 is the wave number), yı and yz are the phase 
shifts relative to the currents induced in the aerials which are made by 
the connecting cables. Since the voltages from the two aerials are added 
together at the cable junction point and the radiometer response & is pro- 
portional to the power of the signal arriving at the input we have 


E œ (Ei +£2)? = E2[1+cos (kD sin 0’ + Ay)], (5.3) 


where Ay = y2—¥1, and the bar above the bracket denotes averaging for 
a time t. 

It is clear from the relation (5.3) that a two-element interferometer with 
a baseline D > 1/k has a multi-lobe polar diagram; for small 6’ (when 
sin 0’ ~ 6’) the maxima (and minima) of the diagram are repeated at an- 
gular intervals of AO’ = 2x/kD = 4/D. Since, as has already been pointed 
out, E% is proportional to Jj, i.e. Eg oc T._(8, 6), we finally obtain that the 
response of the radio interferometer to the radio emission received is 


E œ ff TlO, &[1+cos (kD sin 6’ + Ay)] d0 dé. (5.4) 


In (5.4) 6 and € are angular coordinates in the sky; the 6’ coordinate is 
connected with the 0 coordinate by the relation 0’ = 6—at, where a is 
determined by the speed of rotation of the sphere of the heavens. 

In future we shall limit ourselves to the case when a radio emission 
source with a distribution 7,,(6, £) is not too far from the plane of the 
interferometer, so that in the integral (5.4) it is sufficiently accurate to put 
sin 60’ ~ 6’. Also let the connecting cables from the two aerials be com- 
pletely identical: yı = ye and Jy = 0. Then, remembering what has been 
said and bearing in mind the relation (5.1) for a one-dimensional brightness 
distribution, we write (5.4) in the following form: 


E œ f GO) 40+ GO) cos [kD(6—at)] d0. (5.5) 


The first term is clearly equal to the spectral flux S, of the radio emission 
from the whole source; the second term, as can easily be checked, is the 


t We make no allowance for the directional properties of the separate aerials since they 
are considered to be great when compared with the size of the source of radio emission. 
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Same as 
gp cos (kDat+ Pp), (5.6) 


where the amplitude gp and the phase ¥,p can be determined from the 
relation 


+æ 
Grn = Skene? = f G(0) e7" do. (5.7) 


Therefore the signal at the output of the radio interferometer as the 
source passes through the beam changes ast 


E œ S,[1+M cos (kDat+ Pyp)}, (5.8) 


where the “modulation coefficient” is 


&kD 
M= S. (5.9) 

In observations with an interferometer with a fixed baseline D the size 
of the radio emission source 40, (see Vitkevich, 1952 and 1961) can be 
judged from the value of M. In accordance with equations (5.7) and (5.9) 
M ~ 1 if 40, «< 1/kD; when this inequality is satisfied 40, will also be 
much less than the width of the beam lobe 40, = 2x/kD.4 In the case of 
the opposite inequality 40, >> 1/kD the coefficient M « 1; in actual fact 
this coefficient becomes very small as soon as 40, is comparable with 40,. 

From the phase on the recording of the interference signal Æ we can 
judge the position, and from the period of £ the velocity of the source rel- 
ative to the interferometer beam; we can therefore judge the position and 
movement of a radio-emitting region in the sky. However, since it is not 
always possible to state which lobe the source is in from the nature of the 
recording, the @ coordinate (i.e. 8’) of the source is given with the uncer- 
tainty 246, = n2x/kD, where n = 0, +1, +2, ... 





MODIFICATIONS OF THE TWO-ELEMENT INTERFEROMETER 


One of the other forms of the two-element interferometer is the so-called 
cliff interferometer (an aerial set on the seashore) (McCready, Pawsey and 
Payne-Scott, 1947). In this case the multi-lobe polar diagram is created 
by the interference of the direct beam with one reflected from the surface 
of the sea; the second element here is the mirror reflection of the receiving 
aerial relative to the conducting surface of the sea. 


t The relations (5.4), (5.5) and (5.8) will be valid if the radiometer’s frequency band 
Aw, is small enough for the non-chromaticity of the signal being received not to change 
significantly the phase relations in the interferometer that determine its polar diagram. 

t Here the lobe width is taken as the angular distance between adjacent nulls of 
the polar diagram of the radio interferometer. 
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The very simple two-element interferometer discussed in the preceding 
section has a number of disadvantages, amongst which there is in particular 
the possibility of receiving (as well as radio emission from sources of small 
angular size) emission with a broad angular spectrum—the galactic back- 
ground and certain forms of terrestrial interference. Variations in the sig- 
nal caused by the change in the interference level in time and the move- 
ment of the non-uniform background of galactic radio emission relative to 
the aerial beam, as well as fluctuations in the level of this radio emission 
due to a change in the amplification of the radiometer, badly distort the 
interference picture at the output, making it difficult to study weak local 
sources of small angular size. 

The phase-switching interferometer (Ryle, 1952) is free from this dis- 
advantage; here one of the connecting cables (running, let us say, from 
aerial 2) has a “half-wave” section switched in and out alternately to 
change the phase we by x (yo = y1+7 and y2 = y1 respectively). Thanks 
to this operation the voltage at the radiometer input periodically becomes 
E,+£E, and Eı— E (where E and Ez are taken from equation (5.2)). 
The radiometer is designed so that the signal at the output is determined 
by the difference of the mean squares of the voltages at the input, i.e. 


& œ (£,+E2)?—(£1—E2)* = 4E,E2, = 2E2 cos (kD sin 6’). (5.10) 
and therefore when receiving radio emission from a source of finite size 
Z œ Í G(@) cos [kD(6—at)] dé. (5.11) 


Comparing equations (5.10) and (5.11) with (5.3) and (5.5) we can see 
that switching the phase by z allows us to eliminate the constant component 
of the signal at the input and thus reduce the effect of the radio emission 
with the broad angular spectrum on the interference picture since the 
distributed radio emission’s contribution to the value of (5.10) will be 
insignificant. Unfortunately the phase-switching interferometer cannot be 
used to measure the diameter of localized sources since the amplitude of the 
interference curve at the output depends not only on the size of the source 
but also on its intensity. Information about angular size can be obtained 
by repeating the observations on an interferometer with a different baseline 
or by using an aerial with low directional properties to measure the flux 
of the radio emission from the whole source. 

Another serious disadvantage of the very simple interferometer is 
that it can be used to study only long-lived sources which have time to pass 
through several lobes of the beam (by taking part in the sky’s rotation) 
and provide a clear interference picture before they disappear. However, 
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the life of such events as bursts of solar radio emission, which in some: 
cases is fractions of a second, is clearly insufficient for this. 

This difficulty can be got round by smoothly changing the electrical 
length of one arm of the interferometer so that the phase difference 
obtained in the coupling cables changes linearly in time: Ay = yo—y1 = 
kDa't. 

It is easy to see from the formulae (5.4)-(5.6) that for an interferometer 
of this kind with phase switching (or, as is often said, with a rocking 
polar diagram) the term kDa’? is contained in the expression (5.6) as well 
as kDat. Since a’ >> a when the switching is rapid enough, the interference 
picture at the output &(¢) will be chiefly conditioned by the movement of 
the beam lobes relative to the plane of the interferometer and not by the 
movement of the sky. 

In the first experiments of this kind (Little and Payne-Scott, 1947) it 
took only a few hundredths of a second to obtain a unit interference pic-. 
ture; phase switching was repeated 25 times a second. This rapid scanning: 
of the Sun made it possible to record the position and movement of short- 
lived local sources over the solar disk. The inevitable uncertainty of 
n2x/kKD in the position of the source 0 was eliminated by simultaneous. 
observations on interferometers with the two baselines Dı and Do. From 
the two series of the values of 6 obtained here corresponding to the possible 
coordinates of the source one agreement—near the Sun—corresponds to: 
the actual position of the source. The other coincidences are considerable: 
distances away from the Sun, so can be rejected. 

When studying the solar sporadic radio emission (in particular type IT 
and III bursts) information on the frequency dependence of the time 
changes in the coordinates and the velocities of the local sources has an. 
important part to play as well as data on these quantities. The necessary 
information can be obtained by combining a two-element interferometer 
with a radio spectrograph (Wild and Sheridan, 1958). 

In an interferometer of this kind with frequency switching wo(t) the- 
response £ to the radio emission of a point source with a broad frequency 
spectrum set at angle 6’, as follows from (5.3), will take the form of inter-. 
ference with maxima at the frequencies 


n-2nc 


Omax = Dein f +A’ (5.12} 


for which 


kD sin 0'+ Ay = 2an (n = 0, +1, 2, ...). 


In the change from the last relation to (5.12) we took into consideration: 
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that k = w/c and Ay = k Al, where lis the difference in the values of the 
electrical length in the arms of the interferometer. 

Unless the position of the source is frequency-dependent (@’ = const) 
the intervals between adjacent maxima will be the same; if, however, the 
coordinates 6’ of the sources of radio emission at different frequencies 
are different these intervals will not be the same. In both cases the series 
of values of w,,, obtained in one passage of the radio spectrograph 
through the frequency band (i.e. in a fraction of a second) determines 
the “instantaneous” position 6’ of the source of radio emission at these 
frequencies with the usual uncertainty, which can be eliminated to a certain 
extent by using a second interferometer with a different baseline. In the 
process of repeated passages of wo over the band, therefore, the dependence 
of one of the source’s coordinates 6’ on frequency and time is determined. 
Just as before, the size of the observed source can be judged here from the 
degree of modulation of the interference picture at the receiver output. 

In observations of Jupiter’s sporadic radio emission in the decametric 
band with a phase-switching interferometer the signal is recorded just 
as in an ordinary radio spectrograph by modulating the brightness of the 
oscillograph’s beam which moves in time with the change in frequency. 
Therefore a dynamic spectrum was recorded on a continuously moving 
tape. Due to the use of an interferometer, however, this spectrum had a 
characteristic feature: it was covered with a series of alternating dark and 
light bands corresponding to the maxima and minima of an interference 
picture created by a point source during the frequency switching (see 
Fig. 91 in section 19). Since disturbances, which have a broad angular 
spectrum, do not produce a similar interference picture, the problem 
of studying Jupiter’s dynamic spectrum against a background of intense 
interference is thus considerably simplified. 


“THE PROBLEM OF STUDYING THE RADIO BRIGHTNESS DISTRIBUTION OVER A 
SOURCE. VARIABLE-BASELINE INTEROMETER. 


As well as information on the position, effective size and nature of the 
movement of local sources an important part is played in radio astronom- 
ical observations by data on detailed study of the radio brightness 
distribution although, of course, it is a more difficult problem to obtain 
the latter than a simple estimate of the effective size of the source. 

The one-dimensional distribution of the radio brightness over the source 
(5.1) can be found in observations on an interferometer with a variable base 
line. In actual fact, as follows from the relations (5.6)-(5.9), the variable com- 
ponent at the output of an interferometer with a fixed baseline D changes 
harmonically when the source passes through the multi-lobe polar diagram 
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with an amplitude and phase equal to the amplitude and phase of.the 
component of a complex Fourier expansion of the function G(0) in the 
“frequency” kD = 2xD/A. In other words, when the source passes through 
the beam of the interferometer the latter separates from among all the 
components of the expansion of the one-dimensional radio brightness 
distribution G(0) into a Fourier integral one component (with an angular 
period 2/kD whose magnitude is the same as the width of an individual 
lobe of the aerial diagram). It can be seen from (5.11) that a two-aerial 
phase-switched interferometer can provide a similar operation. 

In order to determine the spectrum as a whole we must carry out obser- 
vations and obtain interference curves for all possible values of the baseline 
D without changing the orientation of the interferometer relative to the 
source. Knowing the whole set of the amplitudes g,)(kD) and phases 
Yxp(kD) of the Fourier expansion the formula 


oo 

GO) = J Groe" d(kD) (5.13) 
can be used to find the one-dimensional distribution of the effective 
temperature G(9) easily. 

For one-dimensional brightness distribution measurements the design 
of the interferometer must provide for moving one of the aerials 
(without changing the orientation of the installation) to obtain different 
values of the baseline D. 

In practice interference pictures are taken not for a continuous series 
of D from 0 to œ but with a certain set of close enough individual values, 
the greatest of which is Dmax- Therefore the spectrum G,p obtained is 
limited—it contains only those Fourier components which correspond to 
an angular period of not less than 27/kD,,,,, and the distribution G(0) 
found from the measurements differs from the actual one, being smoothed 
over angular intervals 40 2x/kKD,,,,. The latter means that the resolving 
power of an interferometer with a variable baseline determined by the 
value of D nax Cannot be used to find radio brightness oscillations with an 
angular period less than 27/kD,,,, in the actual distribution. 

The two-dimensional distribution of the radio brightness 7,,(6, &) 
cannot, of course, be determined from observations on an interferometer 
with a variable baseline which is orientated in a given way relative to the 
source. This is clear from the fact that any change in the dependence of 
Tg (£) on which preserves the value (5.1) of G(@) is not reflected atall in 
the results of the observations on an interferometer whose baseline runs 
along 8. 

A known function G,,(kD) can be used to judge the features of the two- 
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dimensional distribution T.,(6, £) if we introduce an additional assump- 
tion about the form of the radio brightness distribution which in certain 
cases (for example, when studying the distribution of T,ş over the disk 
of the “quiet” Sun) can to a certain degree be justified by the visible 
configuration of the emitting object. Let us assume that the source of the 
radio emission has circular symmetry (Machin, 1951). Then T.g(0, £) = 
Tog (V 62+ £2) and G(6) does not change when the sign of 6 changes. 
This kind of assumption is obviously only possible if the observed value 
of the phase is Y,p = 2an (n = 0, +1, 42, ...) for any kD. In this case 


Gro = grp = Í G(6) cos (KDO) dð 
= ff f Tea (V6? + E2) cos (kDO) dô dE (5.14) 


(see equations (5.7) and (5.1)). In the opposite case, in accordance with 
(5.7), f G(0) sin (k D0) d0 # 0 and G(0) will not be an even function of 0. 


Introducing the new variables r = y+, x = 6/r, we transform 
(5.14) to the form 


cos (kDrx) dx dr. 


Gun(kD) = 4 J Taar) (see ao 


However, 





ET cos (kDrx) jez u (kDr), 
yi- x? 


where Jo is a acada Bessel function. Therefore 


Gko(kD) = 2x f rTeg(r)Jo(kDr) dr (5.15) 


and so 


Teg(r) = kDGxy(kD)Jo(kDr) d(kD), (5.16) 


0 
since the relation (5.15) is a Hankel transform for the function T,,(r) 
(Tranter, 1956). The formula (5.16) solves the problem of finding the 
two-dimensional distribution of the radio brightness from the observed 
values of G,»(KD) in the case of circular symmetry of the source. 

At the same time to obtain the two-dimensional distribution of the 
radio brightness 7,,(0,&) without preliminary assumptions about its 
symmetry it is necessary to make a series of measurements which determine 
the function G,,(KD) for all possible orientations of the “plane” of the 
interferometer lobes relative to the source. Here one interferometer 
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with a variable baseline is no longer sufficient, (when the direction of 
the baseline is fixed) though even in this case the orientation of the 
source relative to the “plane” of the lobes changes within certain limits 
when the source moves through the sky. 

The method of calculating T,,(6, £) from known values of the complex 
values G,p(kD) of the Fourier expansions of the one-dimensional distri- 
butions obtained in all possible orientations of the interferometer baseline 
D relative to the source is as follows (O’Brien, 1953a; see also Wild, 1960a, 
and Bracewell, 1960). First the G,»(kD) data are used to find the complex 
amplitudes of the two-dimensional Fourier expansion of 7,,(6, £): 


Tko(kD) = To(k Do, k Ds) 


+œ 
= ff Teæ(0, E) exp [— ik(Da0 + Deé)] dO dé (5.17) 


(D, and D; are projections of the interferometer baseline onto the direc- 
tions 6 and £). In accordance with (5.1), (5.7) the Fourier transformation 
of the one-dimensional distribution G(9) along the 0-axis is of the formt 


+œ 
Guv(kDo, 0) = f f Teæ(0, E) exp [— ik Do0] d0 dé. (5.18) 


By comparing (5.18) with (5.17) we can see that 
Grp(kDo, 0) = Txp(kDe, 0). 


We thus know the values of T,,p(kD,, kD;) at all the points AD, along the 
6 axis. We can likewise obtain the amplitudes of the Fourier expansion of 
Tp at all points along any other axis rotated relative to 0, if we take the 
values of G,p measured with the corresponding orientation of the inter- 
ferometer baseline D. As a result, knowing 7,,(kD,, kD,) at all points 
of the plane kDa, kD, and by Fourier integration it is easy to find the 
unknown distribution T,,(8, §): 


+co 
Ter(8, E) = f Tko(kDe, kDẹ) exp [ik(Do0 + Dz&)] d(k Do) d (kDa). (5.19) 
THE MULTI-ELEMENT INTERFEROMETER 


Measuring the spectrum Gp on interferometers with a variable baseline 
requires lengthy and complex observations to be made. The results ob- 
tained can be noticeably distorted by a change in the distribution of the 


t We previously denoted the quantity G,p(kDg, 0) by Gip(KD). 
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radio brightness over the source during the observations. The method 
of determining the distribution G(6) with aerial systems with high direc- 
tivity for one coordinate (for 0) is free from the above disadvantages. 
An example of this kind of system is the Pulkovo radio telescope with a 
“knife-edge” beam mentioned above; another example is Christiansen’s 
multi-element radio interferometer (Christiansen and Warburton, 1953). 
It consists of thirty-two parabolic aerials connected in phase synchronism 
and set along an east-west line at equal distances / from each other. The 
working principle of a multi-element interferometer is similar to that of an 
optical diffraction grating. 

When receiving the emission of a point source at an angle 6’ to the 
plane of the interferometer the difference in travel between adjacent 
aerials separated by a distance / is (just as in the case of a two-aerial inter- 
ferometer) / sin 6’. It is clear from this that at the radiometer input the 
voltages from all N aerials are added with phases that form an arithmetic 
progression with a difference ki sin 6’. If at the same time we take into 
consideration the fact that the square of the amplitude of the oscillations 
from each aerial is proportional to Fo(6’, £’) (the polar diagram of this 
aerial) it is easy to show that the signal at the radiometer output is 


sin?(N-+ kl sin 6’) 


sin? (¢k/ sin 6’) ` (3:20) 


Z œ F0, €') 


Theexpression on the right-hand side of (5.20) clearly describes the polar 
diagram of a multi-element interferometer. Its principal maxima (whose 
value is FaN?) correspond to angles 6,,,, for which 


+ kl sin Ohar = 7N, 


sin Oa, = m (n = 0; 1; 2;...). (5.21) 
The width of the main lobe, which is determined by the distance 40, 
between the polar diagram nulls 0; and 6g nearest to the principal maxi- 
mum, is given in accordance with (5.20) by the relations 


N-4kl sin 6, = Nnx+z, 
N- 4 kl sin bo= Nna—x. 


From this it follows that 
praa ee 
sin 09—sin foo = D 
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where D = NI is the length of the interferometer. If à «< D, then 


N 2a 
™ D cos Omar 

The position of the principal maxima of a multi-element interferometer 
is thus determined by the distance between adjacent aerials (the “period 
of the grating”) / and the width of the main lobes with respect to the angle 
0’ — the overall length D of the interferometer. For the central lobes (with 
Onar < 1) the width A6, with respect to the angle 6’ is N times less than 
the distance between the lobes. At the same time the width of the beam 
in a plane of the interferometer orthogonal to the baseline D depends only 
on the directional properties of the individual aerials Fo(6’, £). 

A good idea of the nature of the resultant polar diagram of a multi- 
element interferometer can be obtained from Fig. 2 which shows a cross- 
section of a Christiansen aerial diagram. When working on a wavelength 
of 4 = 21 cm its aerial system (with N = 32, ] = 7:5 m) receives the radio 
emission on a combination of narrow lobes about 3’ wide, 1-7° apart in 
a circle with a diameter of 11°. The last value is determined by the polar 
diagram Fo(0’, &’). 


Að; (5.22) 





Fic. 2. Cross-section of polar diagram of thirty-two-element sky inter- 
ferometer at half-intensity level 


This kind of multi-element interferometer diagram makes it a very 
convenient instrument for studying the distribution of the radio brightness 
over a single powerful source such as the Sun. Since the angular diameter 
of the Sun (~32’) is a third of the distance between the lobes the solar 
radio emission is received on only one lobe at a time; the signal £ at the 
receiver output is proportional to the intensity of a narrow strip of the 
Sun’s disk about 3’ wide. As the Sun passes through each lobe on the 
recording of £ a curve is at once plotted of the one-dimensional distribution 
of the radio brightness G(@), in which are resolved all non-uniformities of 
the effective temperature with a characteristic size greater than or of the 
order of 3’. Examples of recordings of one-dimensional radio-brightness 
distributions over the Sun are given in Fig. 12. 
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When studying the numerous weak discrete sources of cosmic radio 
emission the presence of several lobes and the great width of each lobe 
with respect to the angle &’ make a further interpretation of the recordings 
obtained of £ more difficult or impossible. The number of lobes can be 
reduced, however, by increasing the ratio A/I. In the case when the 
aerials are set so close together that A/I => 1 only one main lobe with 
Snar = 0 remains (see equation (5.21)). 

In solar radio astronomy, thanks to the great intensity of the Sun’s 
radio emission, the multi-lobe nature of the aerial system under discussion 
-does not introduce any significant inconveniences since the effect of the 
comparatively weak discrete sources located at small angular distances 
from the Sun on the quantity Æ is usually slight. On the other hand, 
the multiplicity of lobes is more of an advantage in this case, and not a 
disadvantage of the aerial system since during one passage of the Sun 
through the sky it permits the taking of several one-dimensional radio 
brightness distributions with different angles between the “plane” of the 
lobe and the source. When a further multi-element interferometer with a 
baseline set at right angles to the baseline of the first interferometer is 
added this makes it possible to obtain one-dimensional distributions when 
scanning the source at all possible angles. By expanding these distributions 
into Fourier integrals and using the method of calculation given above the 
two-dimensional distribution of the radio brightness over the Sun’s disk 
can be found. 


‘THE MILLs Cross 


Because of the above advantages multi-element interferometers have 
‘been widely used in radio astronomical observations of the Sun. The 
necessity for laborious processing of the results in order to obtain the 
two-dimensional distribution undoubtedly limits the scope for using aerial 
systems of this kind, however. On the other hand, this processing becomes 
superfluous if the aerial system has a narrow polar diagram lobe in the 
two dimensions. In the millimetric and partly in the centimetric bands 
this requirement is generally satisfied by a parabolic aerial of great enough 
diameter (see p. 30), and at longer wavelengths by using the system 
which has been given the name of the “Mills Cross” (Mills and Little, 
1953). 

The Mills Cross consists of two identical multi-element interferometers 
whose baselines are at right angles to each other. The voltages from the 
two interferometers are fed to the radiometer input first in phase and then 
in opposite phase by periodically introducing a “half-wave section” into 
the cable coupling one of the interferometers with the radiometer. The 
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signal Æ at the radiometer output is proportional to the difference of the: 
signal powers at the input with in-phase and out-of-phase couplings of the: 
two aerials. 

Then, just as in the case of a two-element interferometer with phase- 
switching, during reception of radio emission on the Mills Cross £ oc Ei E3, 
where E, and E are the voltages fed to the input from interferometers 1 
and 2 when connected in phase. These voltages when receiving a point 


sourcecharacterized by aflux S,, are respectively proportionalto VS.Fi6’, £’) 


and ) S,F.(0’, £’), where F, and F2 are the polar diagrams of the individual 
interferometers 1 and 2. From what has been said it is clear that 


Eo S,VFil6’, ENFO, E, 


and therefore the resultant polar diagram of the Mills Cross is determined 
by the product of the diagrams of the interferometers composing it: 


FO’, E) = V F0’, &) F2(6’, E). (5.23) 


y 
f 
2 
Gg 
Z 





SWS 


& 





Fic. 3. Cross-sections of polar diagrams of a Mills Cross 


Cross sections of the polar diagrams of the sky in two cases—when the 
individual interferometers have only one main lobe each and when the indi- 
vidual interferometers have a multi-lobe diagram—are shown diagram- 
matically in Figs. 3a and 3b respectively. In the first case the resultant polar 
diagram has one main lobe whose width in both measurements (along 6’ 
and $’) is defined by the relation (5.22). This kind of aerial system is widely 
used in studies of galactic radio emission. In the second case the resultant 
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diagram is a combination of narrow (“pencil”) lobes running along the 
intersection of the “knife-edge” lobes of the two interferometers. This 
kind of device, which combines the advantages of the Mills principle and 
of the multi-element interferometer (with a system of lobes a long way 
apart) is used in radio astronomy to study the radio brightness distribution 
over the Sun’s disk (Christiansen and Mathewson, 1958). 

In the latter case when the source passes through each “pencil” lobe, 
whose width is much less than the angular size of the source, the signal 
at the output is at any time equal to the flux of the radio emission created 
by a sector whose area is close to (46,)*. The width 40, of the resultant 
lobes determines the angular resolution of the cross.t A two-dimensional 
distribution of the radio brightness over the disk is obtained by the Sun 
passing through the beam lobes several times. With a lobe width of the 
order of 3’ and distances between the lobes of the order of one degree the 
process of measuring T,,(0, £) takes about an hour. This time is short 
enough to be able to judge the real distribution of the radio brightness 
produced by the “quiet” Sun and the local sources of the slowly changing 
component, but it is too great to obtain the two-dimensional distribution 
T._(0, ) at the time of bursts of radio emission whose life is generally not 
more than a few tens of minutes. On the other hand, it is quite possible 
to take the one-dimensional distribution G(@) during a microwave burst 
with a multi-element interferometer since it takes only 2 minutes to scan 
the Sun’s disk once. 


ECLIPSE OBSERVATIONS 


As well as the data on the nature of the distribution of the radio bright- 
ness over the Sun’s disk provided by observations with complex aerial 
systems some information on the size, position and shape of radio emission 
sources can be obtained by a simpler method—measurements of the total 
radio emission flux of the Sun during solar eclipses. Measurements of this 
kind played a very important part in the first few years of the development 
of radio astronomy when the resolutions of the aerials was low; they could 
be used to estimate the size of the “radio Sun” at metric wavelengths, 
discover the existence of local sources (radio spots) on the Sun’s disk, etc. 
(Khaikin and Chikhachev, 1947). 

The resolution of eclipse observations is determined by the width of 
the diffraction picture produced by the radio emission of a point source 
{localized on the Sun with diffraction on the edge of the lunar disk (Ginzburg 
and Getmantsev, 1950). This characteristic angular width 40 depends on 


‘+ Often only a system of two interferometers with one main lobe is called a “Mills 
Cross”. 
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the size of the first Fresnel zone VaRe and is equal to VaReu [Reems 
where Rgn is the distance from the Earth to the Moon. If 4 = 100 cm, 
A0 = 0-2’; if A= I cm, 40 ~ 0:02’. It is clear from the estimates given that 
the resolution of eclipse measurements is far higher than the corresponding 
value for modern aerial systems: the latter is generally not better than 3’, 
reaching 1-2’ in the best case. Therefore eclipse observations are useful in 
the study of the size, position and mean effective temperature of small local 
sources on the Sun’s disk. The duration of a “radio eclipse” and the magni- 
tude of the residual flux of radio emission at the moment of total eclipse 
can be used to judge the effective size of the Sun in the radio beams; the 
magnitude and duration of the “jump” on the recording during the closing 
and opening of the local source on the Sun determine the emission flux 
and angular size respectively of the local source (generally speaking in 
two different directions). In certain cases the high resolution of eclipse 
observations can also be used for obtaining more detailed data on the 
nature of the radio brightness distribution over a small local source 
(see section 10). 

It is easy to understand that in the sense of the volume of information 
obtained on the radio brightness distribution, observations during one 
eclipse are equivalent to two scans of the Sun (in the general case in two 
different directions) by an aerial with a “knife-edge” beam. The “one- 
dimensionality” noted for eclipse measurements does not let us find the 
two-dimensional distribution of radio brightness over the Sun during an 
eclipse: we cannot do without additional assumptions about the form of 
the radio-isophotst when drawing conclusions on the structure of the distri- 
bution. 

Another disadvantage of eclipse observations is their episodic nature; 
they are therefore unsuitable when statistical processing of a series of experi- 
mental data is necessary to find some characteristic of the solar radio 
emission. For example, they are unsuitable for a reliable determination 
of the distribution of the radio brightness over the “quiet” Sun’s disk— 
partly because of the “one-dimensionality” of the measurement results, 
partly because of the impossibility of distinguishing with certainty the 
distribution of the “quiet” Sun’s radio emission from the sporadic com- 
ponent (radio emission of local sources), particularly in the metric and 
decimetric bands where the latter reaches a high intensity. In this respect 
eclipse observations are not nearly as good as investigations using modern 
aerial devices. It is true that there is a certain interest in finding the distri- 
bution of the radio brightness over the disk at shorter wavelengths during 


+ Radio-isophots are the geometrical position of points on the Sun’s disk with a 
constant effective temperature. 


45 


Extraterrestrial Radio Emission [Ch. ȘI 


eclipses to check data obtained by narrow-beam aerials. The point is that 
at centimetric and millimetric wavelengths the sporadic component is less 
intense and more closely linked with optical features on the Sun’s disk. 
It is therefore easier to separate from the emission of the “quiet” Sun in 
subsequent processing of the experimental data. 


6. Polarization of Radio Emission 


POLARIZATION PARAMETERSt 


Extraterrestrial radio emission consists, generally speaking, of two parts 
—a polarized one and an unpolarized one. Both components have a con- 
tinuous frequency spectrum. In a polarized wave, however, the oscillations 
of the electric field components E,(t) and E,(t) along two axes at right 
angles to each other lying in the plane of the wave front are coherent in 


the sense that E,(t)E,(t) = 0. Ina non-polarized wave (also called naturally 
or chaotically polarized) these components are non-coherent, i.e. their 
time-averaged product is equal to zero. 

In the general case the electrical vector E(t) of a polarized wave describes 
an ellipse whose size fluctuates in such a way that the orientation of the 
ellipse and the ratio of its axes remain the same. Therefore in polarized 
emission received in the frequency range 4a, the field components E,, E, 
are of the form 

E,(t) = Eox sin @ot—yx), E(t) = Eoy sin (ot—y,), (6.1) 


where the amplitudes E,,, E, and the phases y, y, change in time? 
although the ratio E),/E,, and the phase difference y,, = y,—y, that define 
the orientation of the ellipse y and the ratio of its axes p (Fig. 4) remain 
constant. 

It follows from the above that the polarized part of the radio emission 
is characterized by three parameters: its intensity, orientation, and the 
ratio of the axes of the polarization ellipse (Zo %, P); the direction of 
rotation of the vector E(t) is allowed for here in the sign of p. In a non- 
polarized wave both the direction and magnitude of the vector E(t) vary 
chaotically. Therefore the non-polarized part of the radio emission is 


+ The content of this section and the next one is based to a considerable extent on an 
article by Cohen (1958). 

t The characteristic time for this change is of the order of 1/4w,; with a small enough 
band Aw, <w, the amplitudes and phases change slowly when compared with the 
period of the oscillations 27/a. 

§ Positive values of p correspond to clockwise rotation of the vector E(t) (looking 
along the direction of propagation of the wave); negative ones correspond to anti- 
clockwise rotation. 
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characterized only by its intensity J,a. As a whole the radio emission 
coming from a point in the sky lying in a direction 2 and received in the 
frequency band Aw, is defined by four parameters: the total intensity J = 
Tot nat, the degree of polarization @ = J,,,/J, the ratio of the axes p and 
the orientation y of the polarization ellipse. If ọ = 0 the emission is not 
polarized; when ọ = 1 the emission is completely polarized; in the remain- 


ing cases it is partly polarized. 





Fic. 4. Polarization ellipse 


As the quantities describing the state of the radio emission’s polariza- 
tion we can also take the Stokes parameters 7, Q, U, V, which are connected 
with I, o, p, x by the relations (Chandrasekar, 1953, section 15): 


I=], 
Q = ol cos (29) cos (24), 


U = eI cos (20) sin (2), 62) 
V = of sin (20), 
where o = arctan p. In accordance with equation (6.2) 
_ (74+ U2+ y2}? 
Sica eee, 
sin 2¢ = ee EN (6.3) 
~ (02+ U2+4 Vaya’ i 
U 
tan 2y = —. 
= D 


In the area of interest to us the value of the Stokes parameters is that 
they can be expressed very simply in terms of quantities that can be 
measured directly during polarization measurements. 
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In actual fact radio astronomical observations are as a rule made with 
aerials that receive the linearly polarized or circularly polarized component 
of the radio emission. For aerials orientated along the x- and y-axes the 
intensities of the corresponding linear components of the field will be 


That 
2 . 








h = E4 it, I, = E3,+ 


x (6.4) 


In equation (6.4) £2, E, are the time-averaged squares of the normalized 
amplitudes of the x and y components of the field of the polarized part of 
the radio emission respectively. Then the Stokes parameters can be ex- 
pressed in terms of J,, I, E,, Eoy and y,, as follows: 


I= h+i,, 
Q =h- 
U = 2Eox Eoy COS Yxy, 
V= 2Eox Eoy sin Wry. 


(6.5) 





The first of the relations (6.5) reflects the fact that the two linear com- 
ponents which are at right angles to each other have opposite polarizations.t 
As a proof of the three remaining relations (6.5) we introduce the rectangu- 
lar system of coordinates x’, y’ rotated by an angle y relative to the x, y 
system. The new coordinate axes will be orientated along the axes of the 
polarization ellipse (Fig. 4). The components E, and E, of the electric 
field of the polarized part of the radio emission are here obviously of the 
form 

Ey = Eo cos ø sin (wot), | (6.6) 


Ey = Eo sin ø cos (wot), 


where o = arctan p and the quantity Eo fluctuates with a characteristic 
time 1/4w,. The oscillations of the field in the directions x and y are 
defined by the expressions 


Ex = Ex cos y—E, sin y 
= Eo[cos ø cos x sin (wot)—sin ø sin y cos (wot), 
E, = Ey sin 4+ Ey cosy 
= E,[cos ø sin y sin (wot)+sin ø cos y cos (wot)], 
(6.7) 
+ Two waves are said to have opposite polarizations if the electrical vectors in these 
waves when rotating in opposite directions describe similar ellipses with axes at right 
angles to each other. In particular two circular polarizations with different signs of 
rotation will be opposite, as will two linear polarizations if the planes of polarization 


are orthogonal. The intensities of oppositely polarized waves are added no matter what 
the degree of coherency between them. 
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which are the same as (6.1) if in the latter we put 


Eox = Eo(cos? o cos? y+ sin? o sin? x), 


Eoy = Eo(cos? o sin? y+ sin? ø cos? y)!, (6.8) 
tan Yx = tan o tan x, 
tan y, =—tan o cot y. 


It follows from (6.8) that 

Ej, +E, = EB, 

E2,, Ez, = EG cos 20 eos X, (6.9) 
2Eox Eoy COS xy = EZ cos 20 sin 2y, 


2Fox Eoy sin yxy = Ež sin 20. 


Remembering (6.4) and the equalities [,,, = oI = (E2, +E2,) the relations. 
obtained prove the validity of (6.5). 

It is also easy to see that when the two linear aerials are turned by an 
angle 2/4 the parameter Q becomes U and vice versa since the angle 
2% changes by 2/2 (see equations (6.2)). Then the Stokes parameters in the 
new system X, f become 


I= R+, 

= 2Eoz Eo% COS Yz, 
O = Aie og COS YR (6.10) 
vsti, 


V = 2Eoz Eos sin px;, 


if the angle y is as before read from the x-axis. 

Further, for aerials receiving radio emission components with clockwise 
and anticlockwise polarization the intensities of the latter will be respec- 
tively 
That 


Inat 
2’ 5 


5 (6.11) 








= êr + = E+ 


Here E,,, Eo denote the field amplitudes of the clockwise (right-handed) 
and anticlockwise (left-handed) polarized components respectively of the 
polarized part of the radio emission; the constant phase difference between 
them is y,;. In this case the Stokes parameters become 

I= I, +H > 

Q = 2Eo,Eoi Cos Yri, 

U = 2Eo Eo; sin yy, 

V= h1, 


(6.12). 


49 


Extraterrestrial Radio Emission [Ch. lI 


"The validity of the relations (6.12) can easily be checked in the same way 
.as for the formulae (6.5); the corresponding proof is given in (Cohen, 
1958). 

Measuring the intensities of two opposite polarizations I,, I, (or I,, J) 
‘gives us two Stokes parameters; the phase difference y,, between the field 
‘components E,, E, (or p, between E,, E;) and the product Ey, Ey, (or 
Eor Eq) allow us to find the other two parameters. To measure Fy, Eo, and 





‘Wyys OF Eor Eo; and y,;, we use the fact that they are closely connected with the 
‘correlation function of the two linearly polarized or two circularly 
polarized components of the emission field. If we use E.(t) and E,(t) to 
denote the field components of the non-polarized part of the emission, then 
the correlation function of the two linear components can be written as 
follows: 


[E.(t)+ E(t) Ey (t+ to) + Ett to)] 
[E+E OPENEN” 
Bearing in mind that with a narrow band Ao, the fields E,(t) and E,(t) are 


-of the form (6.1), where the amplitudes and phases are slowly varying 
functions of t, we obtain 


alt) = (6.13) 


Eox Eoy 


Glo) = G cos (wotot vx»), G= yE (6.14) 
Likewise for the circular components of the field 
> = Eo, E 
Gto) = Zeos(wotot yn), G= -UIE (6.15) 


It follows from (6.14), (6.15) that the products E,, Eoy» Eor Eor and the 
phase differences p,,, Y„ are determined by the amplitudes and phases of 
the corresponding correlation functions. 

Polarization observations do not provide full information on the state 
of the polarization of extraterrestrial radio emission unless all the Stokes 
parameters are determined at the same time. For example, in investiga- 
tions of solar radio emission it is typical to measure the intensities of the 
two circular components J,, I, as a result of which the “degree of circular 


polarization” is found: 
L-I, V 
= = 6.1 
aay T (6.16) 
‘This quantity is connected with the true degree of polarization ọ by the 
relation 





ec = @ sin (20) (6.17) 
(see equation (6.3)). 
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The quantity ọ, is the same as g only if 20 = +2/2.t Remembering the 
relation o = arctan p, we can see that the latter is valid only when the 
radio emission is completely or partly circularly polarized. In the general 
case of an elliptically polarized wave |¢,| < ø; this is quite natural since 
the difference I,—J, characterizes only the intensity of a circularly po- 
larized wave without reflecting the presence of a linear component in the 
elliptically polarized emission in any way. 

When measuring the intensities of the linear components of the field we 
introduce the definition of the “degree of linear polarization” 

_£-L 1 Q 


a= I,+1, cos (2x) = “Teos (2x) 6:18) 


In accordance with equation (6.3) 
e: = g Cos (20), (6.19) 


and in the general case |o,| = 9. They are equal when 20 = 0, x, i.e. when 
p = 0, œ and the radio emission is linearly polarized (fully or partly). 

We notice that the field of an elliptically polarized wave can be represent- 
ed as the superposition of circularly and linearly polarized components. 
However, the intensities of these components are not added since in the 
case in question the components themselves are coherent and their polar- 
izations are not opposite. It follows from this that the sum 0,J+,] is 
not equal to the intensity of the polarized part of the radio emission; this 
can also be seen, moreover, from the relations (6.17) and (6.19), according 
to which œ = +o. 


METHODS OF POLARIZATION MEASUREMENT IN THE METRIC WAVEBAND 


The requirements imposed on the design of a polarimeter—a radio 
telescope specially designed for studying the polarization of extraterrestrial 
radio emission—are chiefly determined by the number of Stokes para- 
meters to be measured and the specific features of the radio emission being 
studied (the frequency range, the nature of the angular spectrum, the 
time-dependence of the intensity, etc.). 

In the majority of cases, in order not to complicate the design of the 
polarimeter, we limit ourselves in radio astronomy to obtaining infor- 
mation on the degree of circular or linear polarization. According to equa- 
tion (6.16) the degree of circular polarization ọ, is defined by two Stokes 
parameters: J, V; it is sufficient to measure the intensities J,, J, of the cir- 
cular components to obtain o,. At the same time measurements of the 
intensities 7,, Z, on two linear aerials with fixed axes are insufficient for 


t Or, what is the same thing, Q = U = 0. 
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determining the degree of linear polarization 9, since the orientation of the 
ellipse y remains unknown in observations of this kind. The latter can be 


found by measuring Eo, Eo, and p,, or making additional measurements 
of the intensities 7z, J; on a second pair of aerials at right angles to each 
other rotated relative to the first by a certain angle, let us say an angle 
7/4. Since the degree of linear polarization o; (6.18) does not depend on the 
choice of the axes x, y, the intensities Z,, J; will give us the value of 
0, Cos (27 —7z]2) = o; Sin (2x). Since we know at the same time the value 
of o, cos (2x) from the measurements of J,, J, it is not hard to find g, and 
x from this. We can also use measurements of the intensity made with a 
rotating linear aerial to find the value of y: then the position of the aerial 
which corresponds to the maximum intensity value determines the un- 
known angle y. 

On the other hand there is insufficient information on the degree of 
linear or circular polarization to study the radio emission of the Sun and 
the planets. In recent years, therefore, a number of polarimeters have 
been made which can provide complete information on the nature of the 
polarization of the radio emission being observed. 

It follows from what has been said earlier that the polarization of radio 
emission is fully described by four independent parameters which may be 
I, o, pP, x or I, Q, U, V. To find the latter we must measure four independent 
quantities connected with them, e.g. the intensities of two field components 
with opposite polarizations and the amplitudes and phases of the corre- 
lation function of these components. 

Two aerials are sufficient for measurements of this kind; however, if 
for some reason or other it is undesirable to determine the correlation 
parameters the number of aerials should be increased to four. In the latter 
case the knowledge of only the intensities of the four components provides 
full information on the nature of the polarization of the radio emission 
being studied. For example, after using two aerials with circular polariza- 
tion to measure the intensities 7,, J, we can find the Stokes parameters 
I=1,+1,, V = 1,1, (see equation (6.12)). Information can be obtained 
about the other two parameters Q = /,—J, (6.5) and U = I;—I; (6.10) 
by using for the measurement of J,, J; two linear aerials orientated at an 
angle of 45° to each other and remembering that J, = J—I,, 1; = I—J,. 

There may be different sets of four components in intensity measure- 
ments. However, the state of the polarization cannot be determined by 
measuring the intensities on four aerials with polarizations that are oppo- 
site in pairs (such as J,, J), I,, 1, or I,, Ly, Iz, I5) since in this case the results 
of the measurements are not independent: 7.+/,=1,4+1,; 1,41, = 
iz +5. 
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Having made these preliminary remarks let us examine in greater detail 
the working principles of polarimeters which are chiefly used in the metric 
waveband. 

The block diagram of a typical two-aerial polarimeter, in which the 
Stokes parameters are found by measuring the intensities of two oppositely 
polarized components and by measuring the amplitude and phase of the 
correlation function between these components, is shown in Fig. 5. The 


A, A, 





Phase shifler 


Fic. 5. Block diagram of a two-aerial polarimeter 


radiometer outputs A and C give the values of the intensities of the two 
components with opposite polarizations (/,, J, or I,, I,, etc.; the nature of 
the components depends on the design of the aerials). A phase shifter is 
connected into one arm of the polarimeter for making the phase shift 
Ay = @,,¢ (i.e. the time lag) of the signal coming from aerial Ae relative 
to the signal from aerial A;.t 

In a small enough frequency band Aw, the signal from aerial A, is 
proportional to 


E(t) cos [wot + yilt)] +E) cos [wot +y 9]; (6.20) 


after passing through the phase shifter the signal from aerial Az is pro- 
portional to 


E(t) cos [(@o+@pn)t + po(t)] + £,(t) cos [(Wot@pn)t+y2(t)]. (6.21) 


The first term in equations (6.20) and (6.21) relates to the polarized part of 
the radio emission and the second to the non-polarized part. Therefore the 
amplitudes £,, E; and the phases y;, y, vary chaotically, whilst £1, Ez and 


t In practice œa is generally in the audio-frequency range so we always have 
Dyn K Wo. 
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Yı, P2 fluctuate, keeping the ratio £,/E, and the difference yi—y2 = pie 
constant. Then both signals go to the mixer, the voltage at the output of 
which is proportional to the product of the voltages at the input, i.e. pro- 
portional to the product (6.20) and (6.21). 

As a result of the subsequent filtration of the voltage from the mixer 
output by the linear amplifier, which passes only frequencies close to 
©,,, the signal at output B, as (6.20) and (6.21) can easily be used to show, 


is proportional to +E, E2 cos (wnt +Y12). Therefore the signal amplitude 





characterizes the amplitude £1 F2/2(I1J2)', and p12 the phase of the two 
components’ correlation function. The quantity yi2 is measured by the 
phase meter (output D) by comparing the signal phase ,,f-+y12 at output 
B with the quantity dp = @,,¢ introduced by the phase shifter. 

If aerials A1, A2 are receiving linearly polarized components the outputs 


A, B, C, D give the values of I,, Ey, Eoy» I, Ysy. The Stokes parameters 


x id 
are then determined from the formulae (6.5). We notice that in accordance 


with (6.5) +1, = I, I-L, =Q, 8(Eox Eoy)? = U?+V2 and therefore 
the measurement of three quantities (Z,, I,, Eox Eo,) enables us to find only 
the total intensity 7 and the degree of polarization ọ of the radio emission 
(see equation (6.3)). The ellipticity p and the orientation y in this case can 
be obtained only after phase measurements. 


When A, and Áz are aerials receiving circular components the outputs 
A, B, C, D give respectively the values of I,, Eor Eor» Ir, Yı which enable us 
to determine the Stokes parameters from the formulae (6.12). If we take 
into consideration the fact that according to (6.12) L+ = I, I-I, = V, 
8(E,, Eo)? = Q? + U? it becomes clear from (6.3) that in this case the three 


measured quantities /,, I,, Eor E,, define three characteristics of the radio 
emission: the intensity, the degree of polarization and the ellipticity. The 
fourth characteristic (the angle y) can be obtained only as a result of phase 
measurements.t 

From what has been said we can clearly see the advantages of polariza- 
tion observations at metric wavelengths using aerials which receive circu- 
larly polarized emission over linear aerials: the former enable three polari- 
zation parameters from the value of the signals at the outputs A, B, C and 
the latter only two. 

We shall now say a few words about the aerials for receiving the indi- 


+ In this connection we note that in the metric band the orientation of the po- 
larization ellipse changes considerably (by several radians) as the radio emission passes 
through the ionosphere (see section 7). Since it is difficult to allow precisely for the 
rotation of the polarization ellipse in the ionosphere, measurement of the angle y often 
loses any meaning. 
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vidual polarized components. As linear aerials half-wave dipoles or arrays 
of these dipoles pointing in one direction are generally used. So-called 
“helical” aerials made in the form of sections of helices are sometimes used 
for the reception of circular polarization; here the sign of the polarization 
depends on which way the helix “twists”. More often, however, an array 
of two dipole aerials crossed at right angles is used. The aerial outputs are 
coupled together, the voltages fed from the two dipoles being shifted in 
phase by %/2 at a common point. This is generally achieved by introducing 
a “quarter-wave line” between the common point and one of the dipoles. 

The Cornell University polarimeter whose layout is as in Fig. 5 (Cohen, 
1958) and consists of aerials in the form of crossed dipoles which receive cir- 
cular components has been used by Cohen for studying type III solar bursts 
(see section 14). The polarimeter works at a frequency of f ~ 200 Mc/s; 
the band of the receiver is very narrow (about 10 kc/s). The possible 
error in determining the ellipticity and degree of polarization is 5%. 

The principle of measuring the only intensities to obtain exhaustive 
information on the state of the polarization is used in the Tokyo Obser- 
vatory polarimeter (Suzuki and Tsuchiya, 1958). This equipment is specially 
adapted for studying events of short duration in the composition of the 
Sun’s sporadic radio emission (type I bursts; see section 12) at a frequency 
of 200 Mc/s: a complete cycle of measurements takes only 1/200 sec. The 
aerial array consists of four dipoles set at angles of 45° to each other. By 
appropriate switchings of the dipoles and introducing quarter-wave lines 
data can be obtained in the time indicated on the intensity of six com- 
ponents of the radio emission (two circular and four linear). The infor- 
mation supplied by the polarimeter is excessive since it is sufficient to 
know the value of the intensities of only four components to determine 
the Stokes parameters; the intensities of the other two components are 
needed only as a check. 

When studying the polarization of sources of small angular size against 
a background of intense and, generally speaking, also polarized radio 
emission it is a good thing to set the receiving aerials far enough apart so 
as to use the advantages of interference reception (high resolution). The 
block diagram of an interference polarimeter is shown in Fig. 6. The 
aerials Ai, 42 here may be any pair with opposite polarizations. Diagrams 
(a) and (b) in the figure are standard phase-shifted interferometers. The 
amplitudes of the interference pictures at the output A and C of these in- 
terferometers are proportional to the intensities J}, J, of the oppositely 
polarized components of the radio emission. Output B in Fig. 6c provides 
the quantity E, E2, where Eı and Ez are the amplitudes of the opposite 
components of the polarized part of the radio emission being received, 
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whilst output D gives the phase shift between the interference picture at 
output B and the phase shifter. 

The way an interference polarimeter works (Fig. 6) is therefore similar 
to the way an ordinary two-aerial polarimeter works (Fig. 5), the only 
difference being that the amplitudes of the interference pictures at outputs 
A, B, C are determined not only by the quantities hh, EE: and J, but also 
the angular size of the source of the polarized emission. All other things 
being equal, the scope of the interference picture is sharply reduced when 
the angular diameter of the source 40, becomes less than 40, ~ 4/D—the 
width of one lobe of the interference picture (D is the interferometer’s 
baseline; see section 5 in this connection). 


Ay Ay 





Fic. 6. Block diagram of an interference polarimeter 


We notice that phase shifting is not necessary for polarization meas- 
urement since the corresponding time change in phase is ensured by the 
slow movement of the local source through the sky. However, just as in 
the case of studying the distribution of the radio brightness, phase switching 
by a special device ensures that an interference picture is obtained rapidly, 
which is of considerable importance when observing events of short dura- 
tion. 

In the type of interference polarimeter examined the data on the quadrat- 
ic quantities (11, Iz, Ei E2) are supplemented by phase measurements to 
obtain complete information on the state of the polarization. The latter 
can however be eliminated by adding a further interferometer of the type 
shown in Fig. 6a and b with aerials that will receive a further polarized 
component. 

The first interference polarimeter was built in 1946. Ryle and Vonberg 
(1946) used it to find that at times the circularly polarized component is 
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predominant in the composition of the solar radio emission at metric 
wavelengths. The phase is changed by the motion of the Sun through the 
sky. Phase shifting was used later in an interference polarimeter by Little 
and Payne-Scott (1951) when studying the polarization of bursts and 
enhanced radio emission connected with sunspots (see section 12). Basi- 
cally the design of their polarimeter did not differ in any way from the in- 
stallation whose block diagram is shown in Fig. 5. 

Some information on the nature of the polarization of the radio emission 
can be obtained with a radio spectrograph (a frequency-shifted radio- 
meter) whose input is coupled with two crossed linear aerials 4, and 42 
(Komesaroff, 1958). 

Let aerial A, receive the x-component and Az the y-component of the 
electric field of the radio emission. Then the voltages produced by the two 
aerials at the radiometer input (in the narrow frequency band 4w,) will be 
proportional to the following expressions: 


Epox Sin (wot —px—kli)+ Eo, sin (wot—y,—kh), (6.22) 
Eoy sin (Wot —py—kle)+ Egy sin (wot —y,— klə). (6.23) 


In (6.22), (6.23) Ey,, Eo, and Py, Y, are the amplitudes and phases of the 
electric field of the polarized part of the radio emission near the aerials 
A; and Az (E£,,/E,, and y,—y, are not time-dependent); the primes de- 
note the chaotically changing (in time) amplitudes and phases of the field 
of the non-polarized part of the emission; /; and /, are the respective elec- 
trical lengths of the lines coupling the aerials Ai, Az with the radiometer 
input. Remembering that the signal £ at the radiometer output is deter- 
mined by the time-averaged square of the voltage at the input, it is not 
difficult to find from the expressions (6.22) and (6.23) 


2 œ Eh, +E, + Ep2 + £524 2Eox Eoy cos (yxy +k AN, (6.24) 


where Eg? +E% = f,,, is the intensity of the non-polarized part of the 
emission, A! = 1, — l is the difference of the electrical lengths of the cou- 
pling lines. Since the wave number k = w/c, when the frequency of the 
radiometer is switched the signal £ at the output will change, reaching 
a maximum at frequencies 


c 
Omar = ar (27 — Y) (6.25) 
and a minimum at frequencies 
c 
Onin = gr CH- Ya) (6.26) 
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(n = 0, 1, 2,...). The interval between adjacent maxima Aw = 22c/Al 
can, by an appropriate choice of the value of Al, be made sufficiently 
small when compared with the characteristic frequency range in which 
there is a noticeable change in the state of the radio emission’s polarization 





(in particular the quantities y,,, Eoy Eo, and the intensity J = E, +E, + 
Toat). 

Then, just as in the case of the combination of a radio spectrograph 
with an interferometer (section 5), the dynamic spectrum will be covered 
by a system of bands; however the position of these bands and their inten- 
sity will now determine not the coordinates and size of the source 
of the radio emission but the nature of the latter’s polarization. The 
value of the data obtained here is chiefly that they give an idea of the 
change in polarization not only in time but also in frequency. In addition, 
when using this kind of installation to study the polarization from the 
nature of the dynamic spectrum the spectral type of the radio emission is 
determined at the same time, which is very important if we remember the 
complexity and variety of the phenomena studied on the Sun. 

Unfortunately the information obtained here is insufficient to obtain a 
full idea on the nature of the polarization. In actual fact the constant com- 


ponent of the signal £ gives us the quantity E2 +E, +I... the amplitude 


of the variable component gives the value of 2E,, Eo, and the position 
of the maxima and minima on the frequency scale gives the phase y,,. 
In accordance with expressions (6.4) and (6.5) these quantities can be 
used to find the three Stokes parameters J, U, V. From this we can deter- 
mine only the degree of circular polarization e, = V/I (6.16) and the 
sign of the rotation in the polarized wave.t 

Some indirect data on the form of the polarization ellipse (the ratio of 
the axes p) can be obtained by starting with the values of the phase 
difference p,, at different frequencies. Due to the presence of the geomag- 
netic field the polarization ellipse of the wave rotates as it passes through 
the ionosphere by a certain angle 4y whose value in the metric band 
(at A ~ 3 m) is as much as tens of radians (the Faraday effect; section 7). 
Since the angle of rotation is strongly dependent on the wavelength (Av ~ 
22), in the process of frequency tuning of the radio spectrograph the orien- 
tation of the polarization ellipse begins to change: when there is a wide 
enough frequency cover the rotation of the ellipse will enable it to take 
up all possible positions relative to the receiving aerials 4; and Ap. In this 





t If Ya is in the range from 0 to x, then the angle ø lies in the range of 0 to 7/2, 
which corresponds to a ratio of the axes of the polarization ellipse p > 0, i.e. to clock- 
wise rotation. When yzy is in the range from 7 to 27, p < 0 and the electrical vector in 
the wave rotates anti-clockwise. 
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case the distribution of the phase difference p,, will reflect the degree of 
ellipticity of the radio emission being studied. The quantity y,, will be 
constant if the wave is linearly or circularly polarized. In the first case 
the polarization ellipse degenerates into a straight line and p,, = 0, 27; 
in the second case it becomes a circle for which y,, = t2/2. For an 
elliptically polarized wave y,,, will take up different values with differing 
probability; the degree of ellipticity of the radio emission under study can 
be judged from the difference of the observed distribution of the phase 
difference p,, from the above two extreme cases. 


POLARIZATION MEASUREMENTS IN THE CENTIMETRIC BAND 


Generally speaking apparatus similar to that described above can be used 
to make polarization measurements in the centimetric band. Due to the 
comparative shortness of the wavelength, however, methods which are 
either taken over directly from optics or are a further development of the 
methods of polarization measurements in the latter are preferable here 
for the transition to waveguide techniques. A system of two basic elements 
is used as a rule to study polarization in the centimetric band: (1) a phase- 
shifting device (the analogue of the optical “quarter-wave section”) which 
introduces a phase difference of x/2 between the two linear components 
of the radio emission at right angles to each other; (2) an analyser placed 
after this device (the analogue of the Nicol prism or the polaroid lens in 
optics), which lets through only one linearly polarized component (Fig. 7). 





Fic. 7. Method of polarization measurements in the centimetric band 


Let the phase-shifting device introduce a phase lag of 2/2 into the 
component with an electrical vector running along x’, whilst the analyser 
lets through only the x-component. When the circularly polarized emission 
passes through the “4/4 section” it becomes linearly polarized in a direc- 
tion subtending with the x’-axis an angle --7/4—depending on the sign 
of the rotation in the incident wave. Then the intensity of the wave at the 
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output of the analyser in the two positions corresponding to the angles 
7/4 between the axes x and x’ will characterize the intensities of the 
clockwise and anti-clockwise polarized components J/,, J; in the radio 
emission being studied. The data on the value of J,, J, enable us to find 
the degree of circular polarization g,. 

This method of measuring ọ, was used by Covington (1951a) when 
studying microwave bursts of solar radio emission. The polarimeter he 
built is a parabolic mirror at whose focus there is a dipole (analyser). 
The phase-shifting device is a system of plane-parallel metal plates set in 
front of the paraboloid. As it passes through this device the phase velocity 
of the wave whose electrical vector is parallel to the plane of the plates 
rises: the distances between the plates and their width are selected so that 
the oppositely polarized component lags in phase by 7/2. During the obser- 
vations the dipole is rotated from one position subtending an angle of 45° 
with the plane of the plates into another where this angle is —45°. The 
process of measuring 0, (determining /,, J,;) once took 1 minute. If we 
remember that microwave bursts generally last for a few minutes it becomes 
clear that the operating speed of the polarimeter is sufficient for a rough 
investigation of the polarization of these bursts. 

In order to obtain full information on the nature of the polarization 
the data on [,, J; must be supplemented by measurements of two further 
independent variables, let us say the intensities of the linear components 
orientated at an angle of 45° to each other. In the installation about 
which we have just spoken the cumbersome phase-shifting device must 
be moved away to do this; the observations become very inconvenient 
and each measurement cycle takes a long time. This obviously stops 
us from studying the polarization of events of like short duration bursts. 
On the other hand, the measurement process can be made more rapid 
and convenient and the whole design more compact if the phase-shifting 
device and analyser are made in the form of sections of waveguides placed 
after the aerial. A polarimeter of this kind for a wavelength of A = 3-2 cm 
has been designed by Kaidanovskii, Mirzabekyan and Khaikin (1956) 
specially for solar research. The receiving aerial used (which in this case 
should not distort the nature of the radio emission’s polarization since it 
receives all the components with the same efficiency) is a circular horn at 
the focus of a parabolic mirror. The horn goes into a circular waveguide, 
a section of which can be rapidly replaced by a phase-shifting section. 
The analyser is a transition from the circular waveguide to a rectangular 
one; the size of the latter is selected so that only a wave of linear polariza- 
tion can be propagated in it. The orientation of the analyser relative to the 
phase-shifting device is changed by introducing an additional section 


60 


§ 6] Polarization of Radio Emission 


(a half-wave section) between them which is made to rotate around the 
axis of the waveguide. 

Further developments of the type of polarimeter discussed above are 
the Pulkovo Observatory installations for measuring polarization at cen- 
timetric wavelengths (Koro!’kov, 1962). In these installations the polari- 
zation is analysed as before in a waveguide section. There is no need for 
removable section here, however; all four Stokes parameters can be meas- 
ured during the rotation of an additional section fitted between the 
phase-shifting device (“quarter-wave section”) and the analyser provided 
the difference of travel introduced by this section is not a whole number 
of half-waves. 

Moreover, for analysing the polarization the additional section is not 
in principle necessary and it can be eliminated as has been done in the 
Tokyo Observatory polarimeter which works at a wavelength of 3-3 cm 
(Akabane, 1958a). In the latter case the four Stokes parameters are meas- 
ured while the phase-shifting device is rotated as follows. If polarized 
emission of the form (6.1) is fed to the input of the “quarter-wave section”, 
then its components in the x’, y’ system of coordinates rotated by the 
angle y relative to x, y can be written as follows: 


Ey = Eo, cos y sin (wt—p,)+Eoy sin y sin (wf—yy,), (6.27) 
Ey = — Eos sin y sin (wt—x)+ Eoy cos y sin (wt—yy). (6.28) 


When it leaves the “quarter-wave section” the E, component lags in phase 
behind E, by 7/2. It may be taken that E, remains constant after passing 
through the phase-shifting device, whilst E, becomes 

n x 


Ey = Eoxcos y sin (o1-yx- 3) + Eoy sin y sin (o1-¥, — z) . (6.29) 


Further the analyser lets through only the x-component of the emission 
E, = Ey cos y—Ey sin y = Eo, sin (@t—4), (6.30) 


where the amplitude of the x-component of the electric field of a wave 
which has passed through the analyser, in accordance with the relations 
(6.28)-(6.30), will be defined by the expression 


3 1 Shep 
firs lz Eby + E8, + EoaEoy sin xy sin (27) 


1 ; 1 1/2 
+ x Fox Eoy COS Pxy Sin (4y) + 4 (Es — E,) cos | r 


As a result the signal at the output of the radiometer, which is connected 
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to the analyser, will be 


gape aoe) E Se . 
Eo E, = q Foxt 7 Eo + Eox Eoy Sin pxy sin (2y) 


1 — ‘ 1 
+ zE Eoy COS Yxy sin (47) +g E&E) cos (4y). (6.31) 


The formula (6.31) describes the response of the polarimeter to com- 
pletely polarized radio emission. If in the emission being studied there is 
also a non-polarized component with an intensity Z ,,/2 (calculated for one 
linear component) it must be added to £2., so that in the general case 
& oc £2, 41,,,/2. Taking this into consideration and remembering the 
expressions (6.4) and (6.5) for the Stokes parameters, we finally find that 
the output signal in the polarimeter will be of the form 


Eo 5 140+ V sin (2y)+ U sin (+4 Q cos (4y). (6.32) 
When the phase-shifting device is rotated at a frequency œwpp the angle y 
changes in time as y = ,,¢, whilst the signal Æ has a constant component 
$14+1@ and harmonic components corresponding to the frequencies 
2, and 4w,,.1 The amplitudes of these components can be obtained 
by mixing Æ with the oscillations sin (2@,,¢), sin (4@,,¢) and cos (4wpht) 
whose phase and frequency are given by the device that rotates the 
“quarter-wave section”. After time-averaging this gives 


& sin (2apnt) oc i ) 
& sin (4wpht) oc = (6.33) 
& cos (4@pnt) af, 


Together with the constant component of £ the relations (6.33) fully 
describe the state of the polarization by determining (after appropriate 
calibration of the apparatus) all four Stokes parameters. 

If an additional section is rotated in the polarimeter and the “quarter- 
wave section” is fixed the expression for © looks slightly different; as be- 
fore, however, the constant component and the amplitudes of the harmonic 
components give the full picture of the polarization of the radio emission 
being received. 


t Only the constant component of the signal contains non-polarized emission and 
it makes no contribution to the variable part of = since the rotation of the quarter-wave 
section makes no difference to the characteristics of this emission. 
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7. Effect of the Earth’s Atmosphere on the Observed Radio 
Emission 


ABSORPTION OF RADIO WAVES IN THE TROPOSPHERE 


At present the radio emission of the Sun and planets is being studied 
over a wide range, starting at millimetric wavelengths and finishing at 
wavelengths of tens of metres. At millimetric wavelengths both the optical 
methods of infrared techniques (Sinton, 1952, 1955 and 1956) and electron- 
ic methods (Gordy et al., 1955; Coates, 1957; Kislyakov, 196la and 
1961b; Fedoseyev, 1963; Coates, 1961; Naumov, 1963) are used for indi- 
cation and measurement of the emission of the Sun and the Moon; in 
this range, therefore, the two basic methods of studying cosmic objects 
actually meet. Reception at shorter wavelengths becomes difficult because 
of strong absorption of the radio waves by the molecules of oxygen and 
water in the Earth’s atmosphere. Without going into any detailed discus- 
sion of this effect (see Al’pert, Ginzburg and Feinberg, 1953, sections 83, 84; 
Straiton and Tolbert, 1960) we shall content ourselves with remarking 
that the absorption in the oxygen is the result of the interaction of the 
electromagnetic field with the magnetic moment of the Os molecules and 
occurs in transitions between the rotational levels of these molecules; 
the absorption of the radio waves by water vapour is connected with the 
electrical moment of the H20 molecules. 

The optical thickness t which characterizes the attenuation in the intene 
sity of the radio emission as it passes through the atmosphere is defined 
by the relation 


t= | plh)sec odh, (7.1) 


Otm, 8 


where y» is the absorption coefficient, g is the zenith angle of the source 
and A is the altitude above the Earth’s surface. 

During the normal passage of radio waves (when p = 0) the absorp- 
tion at A 2 2 cm is determined by the oxygen; the value of To, in this 
range is small (< 1-5 1077), however, and in the majority of cases it can 
be neglected. As the wavelength decreases the absorption grows chiefly in 
the water vapour at first; at the maximum of the H,O line 4 = 1-35 cm 
the optical thickness is z ~ 0-1. The slight decrease in z at wavelengths up 
to ~ 0-85 cm is replaced by a sharp increase in the absorption because of the 
approach towards the oxygen absorption bands 4 ~ 0-5 cm and 0:25 cm. 
The absorption minimum between the lines comes at 2 ~ 0-3 cm, where 
T ~ 0:27. At the short-wave end of the millimetric band the basic absorp- 
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tion is connected with the 2 = 0-163 cm transition in water vapour. There 
is a small “window” at wavelengths of about 0-15 cm; the transition to the 
sub-millimetric band is accompanied by a sharp increase in the absorption 
by H20 molecules. 

It follows from the above that in most of the centimetric band (at 
A 2 2 cm) the absorption of the radio waves is no more than 15%. 
This absorption is insignificant in the majority of absolute radio astron- 
omy measurements whose accuracy is not better than 10%. However, 
when high-accuracy measurements are made this absorption introduces 
a noticeable error for which allowance must be made. At shorter 
wavelengths, and in the millimetric band in particular, it becomes absolutely 
necessary to correct the observational data in accordance with the value 
of the molecular absorption. 


ABSORPTION OF RADIO WAVES IN THE IONOSPHERE 

In the long-wave part of the spectrum the band of frequencies studied 
is limited by the opacity of the ionosphere which increases as the wavelength 
grows. In practice extraterrestrial radio emission can pass through the 
ionosphere only at frequencies 


J > Ser = fL max SEC Po, (7.2) 


where fa is the critical frequency of the ionosphere with inclined incidence 
of the radiation on the layer at an angle of po to the vertical, fz max is the 
plasma frequency at the maximum of the ionospheric layer (see equation 
(22.39)). At frequencies of f < f,, the waves are reflected from the iono- 
sphere. 

The maximum electron concentration, as is well known, is reached in 
the F-layer (Nmax ~ 10° electrons/cm* which corresponds to Si max ~ 
9 Mc/s). In actual fact the value of N maz does not remain constant, so 
Si max May vary within certain limits without ever dropping, however, 
below 1-5-2 Mc/s, even at night in winter. The above values of fr mar are 
the lower limit for the frequency of radio waves allowed through with 
normal incidence (po = 0); in the case of incidence at an angle the lower 
limit rises in accordance with the formula (7.2). Even at the higher fre- 
quencies, however, the reception of the radio emission (right up to 15- 
20 Mc/s) of the Sun and the planets is made difficult by the high level of 
atmospheric and industrial disturbance in this range. 

The effect of the ionosphere on the level of the radio emission being 
received in the range f > f,, comes down to absorption and scattering of 
the latter. The ionosphere’s optical thickness z is defined by the relation 
(7.1) in which for this occasion the absorption coefficient u is of the form 
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(see section 26) 
2 
— 8 rer _ Ane*N vee (7.3) 
w? cn mo*cn 
(n is the refractive index, v.g is the effective number of electron collisions 
in the ionospheric plasma). At frequencies far enough from fy; mex 


(f2 > fp max) We have n ~ 1, g ~ Qo, SO 
T = sec p TE ( Nveg dh = Kf- sec po (7.4) 
mew? $ ; 
0 


where K ~ 10? if f is in Mc/s (see Benediktov and Mityakov, 1961).t 

In accordance with equation (7.4) in the metric band (at a frequency of 
100 Mc/s) x ~ 1072 for zenith angles that are not too great, i.e. the radio 
emission is only 1% attenuated in the ionosphere and this can be neglected. 
At the beginning of the decametric band (at 30 Mc/s) t ~ 0-1, i.e. the ab- 
sorption increases to 10% and it must be borne in mind, although studies 
of the radio emission of the Sun and the planets, which is largely sporadic 
in nature in this band, do not require high accuracy in absolute intensity 
measurements. At lower frequencies, particularly near a frequency fz marx ~ 
9 Mc/s, the absorption increases so much that it is absolutely necessary 
to allow for it. 

We also note that the degree of absorption in the ionosphere rises 
sharply when compared with that given above during the so-called fade- 
outs, which are distinguished by strong attenuation or cessation of radio 
communication and a decrease in the observed level of cosmic radio 
emission. These events, which are caused by the rise in the ionization of 
the lower layers of the ionosphere during chromospheric flares on the Sun, 
will be examined in section 17 when we discuss the connection of solar 
radio emission with geophysical phenomena. 


EFFECTS CONNECTED WITH REFRACTION OF RADIO WAVES IN THE 
ATMOSPHERE 


The observed position of a source of cosmic radio emission may differ 
noticeably from the actual position because of the refraction of the radio 
waves in the Earth’s lower atmosphere and ionosphere. 

Because of the absence of any noticeable dispersion in the refractive 
index n in dry air this difference is the same in the radio band as in the 
optical spectrum. The presence of water vapour in the air, however, in- 


+ The value of x determines the midday absorption values; at night, when the electron 
concentration drops, 7 is several times smaller. 
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creases the difference n—1 in the radio band, whilst having no significant 
effect on the refractive index in optics. Therefore the visible position of a 
source differs from that observed in the radio band; over a wide range of 
zenith angles (with the exception of values go > 80°), however, the refrac- 
tion correction does not exceed the limits of error in radio astronomical ob- 
servations whose angular accuracy is generally not better than 1’. For zen- 
ith angles yo which are only a few degrees away from 90° the refraction 
becomes significant. The sign of the refraction correction Ag for refraction 
in the lower atmosphere and ionosphere is negative; this makes it possible 
to observe the radio emission from sources which are in actual fact below 
the horizon (about 1° below the horizon). 

As well as the regular refraction which is noticeable at high zenith 
angles irregular refraction caused by drifting inhomogeneities of the iono- 
sphere have a significant effect on the radio emission coming through. 
The latter cause fluctuations in the angle of arrival of a ray relative to a 
certain mean value determined by the regular refraction. These fluctua- 
tions are closely connected with the fluctuations in the flux of the radio 
emission since they are of the same origin, and have an effect both at large 
and small zenith angles of the source. Studying the irregular refraction 
and the fluctuations in the flux of the radio emission from extraterrestrial 
sources is one of the basic. methods of investigating the structure of the 
ionosphere. In the field of interest to us these phenomena only distort the 
information on the nature of the radio emission of the Sun and the planets 
obtained from observations on Earth. 

The degree of irregular refraction, which is characterized by the mean 
square dispersion of the angle of arrival, is connected with A and @ by the 
relation (Booker, 1958) 


V/ (49) oc 22 sec g. (7.5) 


With large zenith angles at A=6-7 m the value of a/ (Ap)? is of the order of 
5’;atA = 3-7 m, in accordance with the formula (7.5), lower values—about 
1-2'—are observed for the irregular refraction. Therefore the effect of the 
irregular refraction must be allowed for at metric wavelengths (chiefly at 
A = 4 m). In the decametric band it makes it quite difficult to obtain 
reliable information on the position of sources of radio emission, particu- 
larly short-lived ones, since in the latter case the observed coordinates 
cannot be averaged over the “period” of the fluctuations. 

The effect of fluctuations in the flux of radio emission received on Earth 
is studied chiefly from the example of fluctuations of discrete sources of 
cosmic radio emission. The characteristic correlation time of the fluctua- 
tions is clearly determined by the drift velocity and size of the electron 
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inhomogeneities of the ionosphere; it ranges between 8 sec and 2 mint 
and is apparently independent of the wavelength å. The “amplitude” of 
the fluctuations noticeably varies during the day (with a maximum near 
midnight), has a positive correlation with the geomagnetic activity index. 
and increases as A rises (Booker, 1958). 

The rise in the fluctuation level with the increase in wavelength makes. 
us expect that the effect of the ionosphere on the time-dependence of the: 
radio emission flux makes itself felt particularly strongly during investiga- 
tions of the radio emission of the Sun and Jupiter in the decametric band. 
The degree of possible distortion can be judged from the magnitude of 
the fluctuations in the radio emission from discrete sources at these wave- 
lengths. The presence of fluctuations caused by the ionosphere in the 
emission received from Jupiter is proved by comparing flux recordings. 
made at different points. These experiments will be discussed in section 19 
when dealing with the results of observations of this planet’s sporadic: 
radio emission. 

Fokker (1957) has reported a particular type of fluctuation which has: 
sometimes been observed at frequencies of 140, 200 and 545 Mc/s during. 
reception of the radio emission both from the “quiet” Sun and during. 
“disturbed” periods. The fluctuations differ from the oscillations in the 
flux of radio emission from discrete sources usually recorded since they 
largely take the form of fading with a depth of 20-40%. The fluctuation 
times are shown in the form of oscillations about a certain mean level, but 
increases in flux never predominate over decreases.t The intensity of the 
fluctuations reveals a close correlation at different frequencies, many oscil- 
lations being the same even in details. The probability of the appearance: 
of fluctuations and the level of the latter rises in summertime, generally 
after local midday. In other respects (the length of the characteristic times 
of fading of ~ 1 min and the dependence of the level of the fluctuations on 
wavelength) the anomalous fluctuations of solar radio emission do not 
differ noticeably from the fluctuations in the radio emission from discrete 
sources. The characteristics of extraordinary fluctuations given by Fokker 
(1957) are largely confirmed by later observations (Tsuchiya and Mori- 
moto, 1961). The fact that the intensity of the fluctuations decreases with 
the wavelength is proved because they have not been noted in the centi- 
metric band even at times of strong oscillations at 200 Mc/s. Tsuchiya and 

: Even faster fluctuations with a “period” of less than 6 sec are known (Warwick, 

63). 

a + Similar oscillations in the solar radio emission flux were observed during the event 
of 4 November 1957 which will be discussed in section 16. There are also some indica- 


tions of the existence of fading phenomena in solar radio emission (Payne-Scott and 
Little, 1952; Owren, 1954). 
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Morimoto (1961) indicate more definitely the daily and seasonal varia- 
tions shown by the anomalous fluctuations (with maxima before and after 
midday; as a result near 12 o’clock local time the probability of the appear- 
ance of fluctuations is minimal). 

The source of fluctuations of this kind has not yet been established; 
nevertheless it must be of terrestrial origin. The point is that no definite 
connection has been found between the times of appearance, the intensity 
and the duration of the fluctuations in observations at two points 100 km 
apart. A certain similarity with the fluctuations of “radio stars” gives us a 
certain basis for assuming that some sort of specific phenomena in the 
ionosphere is the cause of the anomalous fluctuations. However, the 
absence of any noticeable correlation between the appearance of the 
fluctuations and the state of the ionosphere (in particular the appearance 
of the sporadic E layer), and estimates of the expected altitude of the 
objects causing the anomalous fluctuations made Tsuchiya and Morimoto 
inclined to believe in the tropospheric origin of the effect in question. It may 
be assumed that at the basis of the anomalous fluctuations are fading 
phenomena during interference at the point of reception of waves propa- 
gated in the troposphere along slightly different “trajectories” because of 
refraction on tropospheric inhomogeneities. 

Since anomalous fluctuations are rarely observed and have their own 
particular features they may be connected only with some particular for- 
mations in the troposphere which appear under special conditions, let us 
say with masses of heated air which have broken away from the layer near 
the ground and formed closed volumes (“thermals”). These objects have 
apparently also been observed during radar sounding of the troposphere 
at A = 3-2 cm (Gorelik and Kostarev, 1959). It is interesting to note that 
the appearance of reflected signals seems to have seasonal and 24-hour 
variations similar to those noted above for the anomalous fluctuations: 
the reflections are recorded during the warm part of the year, chiefly be- 
tween I and 3 o’clock in the afternoon. It is clear from what has been said 
that detailed comparisons of the anomalous fluctuations with the results 
of simultaneous radar investigations of the troposphere may be of great 
help in solving the question of the origin of the anomalous fluctuations of 
the solar radio emission. 


POLARIZATION CHANGE OF THE RADIO EMISSION AS IT PASSES THROUGH THE 
IONOSPHERE 

The presence of the geomagnetic field in the ionosphere makes the 
medium magneto-active: the radio emission incident on the ionosphere 
“splits” there into two waves—an extraordinary and an ordinary one— 
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with different polarization, different refractive indices (nı and n2) and 
absorption coefficients (441 and jg). 

Since in the ionosphere at the frequencies of interest to us @y/w « 1 
(@y = eHo/mc is the electron gyro-frequency) allowing for the magnetic 
field introduces only a relatively small correction into the estimates given 
above for the critical frequency fẹ, and the optical thickness zt. On the 
other hand the part played by the geomagnetic field in changing the nature 
of the polarization of radio emission passing through the ionosphere, as 
we shall now see, is quite considerable. 

Let us assume that an elliptically polarized wave of frequency w, which 
can be looked upon as a superposition of two waves with clockwise and 
anticlockwise polarization, is incident on the ionosphere. In the ionosphere 
the latter will be propagated in the form of an extraordinary and an ordi- 
nary wave with different phase velocities determined by the value of the 
refractive index n, (j = 1, 2). 

The phase shift Ay acquired in the medium between the circular compo- 
nents of the wave lead to a rotation of the plane of polarization by an anglet 





A= ag | ene d= 4-7-104 f NHo cos a 


wc n2+nı ae mtm di, a7) 


where f is in c/s, N is in electrons/cm5, Ho is in oe, dl is in cm (the Faraday 
effect). 
Using (7.6) it is easy to estimate Ay. Putting 


2f NHo cos a(n2+71)"! dl ~ NHL, 


where L is the thickness of the ionosphere and, considering that the values 
are N ~ 10° electrons/cm*, Ho ~ 0-5 oe, L ~ 10° cm we obtain: Ay ~ 
1017f-2. It follows from the latter relation that Ay ~ 1 at frequencies 
f~ 3X108 c/s, ie. at A ~ 1m; the change in the angle y can be completely 
neglected at AS 30 cm, where Ay S 0:1, but it becomes extremely signif- 
icant in the metric band (4y ~ 10 at 3 m) and reaches very high values 
on the transition into the decametric band (y ~ 10? at A ~ 10 m). This 
is the reason why we cannot judge the orientation of the polarization 
ellipse of extraterrestrial radio emission at wavelengths 2 2 1 m without 
having any precise information on the value of J NHo cos æ dl in the iono- 
sphere at the time of observation; it is not easy to obtain the latter. 
Polarization observations of the signals of orientated artificial Earth 
satellites and space vehicles, and also of reflected signals in radar studies 
of the Moon, may be of considerable help in this respect since in both 


tThe formula (7.6) is derived in section 23 (see expression (23.21) and above). 
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cases we know the initial direction of the preferential polarization of the 
radio emission.t On the other hand, it is difficult to determine the mag- 
nitude of the Faraday effect by comparing the values of the angle at the 
Earth’s surface and beyond the ionosphere during the reception of extra- 
terrestrial radio emission, since the original orientation of the polarization 
ellipse in this case is to a large extent unknown. 

Since a polarimeter receives radio emission not at one frequency fo but 
in a certain band Af, the radio emission being studied, because of the 
frequency dependence of Ay, will generally speaking consist of a combi- 
nation of elliptical components orientated at different angles y. The set of 
these angles contained in the range dy whose value provided that Af, < fo 
is determined by the expression (Cohen, 1958) (see equation (7.6)) 


d(4y) Afe 

ôy ~ ei Af, = 2Ay = Ta’ (7.7) 
The dispersion in the orientations of the polarization ellipse will obviously 
reduce the degree of linear polarization fixed by the polarimeter, the error 
increasing as the band of frequencies being received broadens (see section 
23 for greater detail). In accordance with (7.7) the effect of the dispersion 
Ay is slight if |ôy| << 1. This condition is easily satisfied by narrowing the 
polarimeter’s band down to values Af, « fo/24y (i.e. to Af, «< 5 Mc/s at 
Jo ~ 100 Mc/s and to Af, « 0:15 Mc/s at fo ~ 30 Mc/s). 

The different optical thicknesses 1, = f g; dl of the ionosphere for 
extraordinary and ordinary waves also causes changes in the state of the 
polarization of the radio emission passing through. In actual fact since 
Tı Æ Tz the observed intensity ratio of the circularly polarized components 
of the radio emission (J1/Iz),,, Will differ from the corresponding ratio 
outside the ionosphere: 


In Ie 


In accordance with equation (6.15) this circumstance leads to a change in 
the Stokes parameters characterizing the state of the polarization. 
It follows from the relations (7.3) and (26.97) that the difference 


(z) = Benta, (1.8) 
obs 


Ti—Tt2 = | (41— pia) dl ~ dr 2E cos a, (7.9) 


{Radar studies of the Moon at 4 = 2:5 m have shown (Evans, 1956) that the rotation 
of the plane of polarization when the radio emission passes once through the ionosphere 
is 10-13 radians, which is in close agreement with the estimate given for the value of 
AyatA~ 3m. 
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where t is the optical thickness of the ionosphere without allowing for 
the magnetic field. The expression (7.9) is derived on the assumption that 
w3 cos? a/w?<« 1, w/w? 1; these conditions are well satisfied in the iono- 
sphere at frequencies higher than or of the order of 30 Mc/s (for fz mar~ 
10 Mc/s); we can use them for estimates, however, up to f ~ 15 Mc/s. 

Since + oc f~2, the difference t;—72 rapidly decreases as the frequency 
rises (by the law of f-*). At f ~ 30 Mc/s t1—tz ~ 2X10~*F, so in practice 
over the whole range of frequencies being studied, starting at 15 Mc/s, 
the difference Tı— T2 is small in comparison with unity. Therefore, as can 
be seen from the ratio (7.8), the change in J,/J2 as the radio emission passes 
through the ionosphere is comparatively small: 


T1/I2—(i/I2)ovs 
hji 


It follows from this and from the expressions (6.12) for the Stokes parame- 
ters that the change in the quantities 7, Q, U is insignificant. This cannot 
be said, however, of the parameter V = J,—J, in the case when the degree 
of circular polarization 9, = (I,—1,)/(,+J,) (6.15) is small. For example 
when non-polarized radio emission passes through the ionosphere (when 
I, = I, ie. in the notations used here J; = I2) it becomes circularly po- 
larized with the ordinary component predominant. The absolute magnitude 
of the observed degree of circular polarization, which is zero outside the 
ionosphere, is (v1—t2)/2 in this case. The sign of o, is the same as the sign 
of the product of Mok (where & is the wave vector). 

From the estimates of the difference tı —v2 we can draw the conclusion 
that the degree of polarization acquired in the ionosphere is about 1% 
at a frequency of 30 Mc/s, increasing rapidly as f decreases; at a frequency 
of 15 Mc/s it is as much as 10%. Therefore the part played by the iono- 
sphere in changing the degree of polarization in the decametric band can- 
not be ignored at all. At higher frequencies the polarization introduced by 
the ionosphere is very small and in the majority of cases it can be neglected; 
however, even in the metric band this effect is significant when investigating 
very weak polarized signals against the background of intense non-polar- 
ized radio emission. 


™]—-T2 « 1. (7.10) 


* * 
* 


It is clear from the contents of the present section that the lower layers 
of the atmosphere and the ionosphere have a noticeable effect on the level 
tIn actual fact from the estimates given above for the magnitude of the absorption 

in the ionosphere it follows that r ~ 0-1 for sec g ~ 1. Remembering at the same time 


that w/o = 5X107? and putting cosa ~ 1, we obtain this value of 7,—1, from the 
relation (7.9). 
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of the radio emission received from the Sun and the planets, which is 
particularly significantin the millimetric band and at decametric wavelengths. 
The distorting effect of the atmosphere considerably complicates the 
investigation of the primary characteristics of extraterrestrial radio emis- 
sion in these bands and makes it practically impossible to extend the fre- 
quency spectrum studied (beyond A ~ 1 mm—30 m) in observations from 
the Earth’s surface. A radical solution of this problem is the use of arti- 
ficial Earth satellites and space vehicles for radio astronomy measurements 
(Benediktov, Getmantsev and Ginzburg, 1961; Getmantsev, Ginzburg 
and Shklovskii, 1958; Haddock, 1959a; Lovell, 1959; Tyas, Franklin and 
Molozzi, 1959). Reception of the radio emission from the Sun and the 
Moon in the millimetric band is quite possible with a parabolic aerial 
having a diameter of the order of 1 m; it is clearly quite permissible to 
fit such an aerial on a satellite. It should be pointed out that as the wave- 
length decreases the size of aerial required also decreases and, for example 
at a wavelength of A = 1 mm the width of the polar diagram 40; becomes 
close to the angular size of the Sun and the Moon (~ 30’) for a paraboloid 
about 10 cm in diameter (section 5). Any further increase in the directional 
properties is obviously useless in this case since there will be no gain in the 
value of the aerial temperature (see equations (4.7) and (4.12)). It is difficult 
to use satellites to study the radio emission of the planets since because 
of the small angular size of the sources of radio emission the size of the 
aerials must be considerably increased (in order to obtain a noticeable 
value for the aerial temperature T4). However, the exacting requirements 
for sensitivity and directivity of the receiving apparatus can be considerably 
reduced if space vehicles are used for the radio astronomy observations 
while they are passing near planets. The first experiment of this kind was 
the investigation of the radio brightness over the disk of Venus made by 
the space vehicle “Mariner II” (see section 20). 

At wavelengths of tens of metres the reception of the sporadic radio 
emission of the Sun and Jupiter is possible with primitive aerials fitted in 
satellites. If here the trajectory of the satellite is outside the Earth’s iono- 
sphere the observed radio emission will be free from the distorting effect 
of the ionosphere and, at frequencies lower than critical, from atmospheric 
interference and the effect of terrestrial radio stations. 
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Results from Observations of the 
Radio Emission of the “Quiet” Sun 





MEASUREMENTS of the intensity of the solar radio emission indicate the 
existence of a lower limit, which is generally taken as the emission level of 
the “quiet”, unperturbed Sun. The concept of the radio emission level 
of the “quiet” Sun is in essence an idealization introduced to denote the 
amount of solar radio emission if there are no local sources of radio emis- 
sion on the Sun. In actual fact the Sun is never entirely quiet: the stormy 
processes in the Sun’s atmosphere and the corona lead to the appearance 
of local regions whose radio emission, being sporadic in nature, increases. 
the observed intensity value when compared with the level of the “quiet” 
Sun. The sporadic radio emission in its turn is made up of relatively smooth 
and lengthy (of the order of hours and days) rises in intensity and compara- 
tively sharp and short bursts (with a life of the order of seconds and 
minutes). 

The story of the discovery and investigation of the Sun’s radio emission 
starts with Oliver Lodge (see Haddock, 1958) who, as early as the end of 
the last century, at the dawn of development of radio, expressed a conviction 
that solar radio emission existed and even tried to find it. The equipment 
available to Lodge made the success of his experiment impossible; the 
Sun’s radio emission was found only forty years later. The decisive role: 
in this discovery was played by the development of radar which led to the 
production of sensitive receiving equipment. 

The first documentary information on the reception of solar radio 
emission came from Hey and Southworth in 1942. Hey was studying the: 
interference that makes the operation of radar in the metric band difficult 
and found that the Sun is a source of interference. At the time when this 
interference appears a large group of spots can be seen on the Sun’s disk, 
and this gave reason for assuming that the observed radio emission was. 
connected with the solar activity. Slightly later Southworth discovered the 
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radio emission of the “quiet” Sun at centimetric wavelengths. During 
wartime, however, access to the reports on the investigations made was 
limited; the results of the observations did not see the light of day until 
the end of the Second World War (Hey, 1946; Southworth, 1945). In 1943 
Reber rediscovered the Sun’s radio emission at metric wavelengths and 
‘was the first to publish the data he obtained (Reber, 1944). 

It must be pointed out that the sporadic radio emission had apparently 
also been picked up previously (see Arakawa, 1936; Heightman, 1938; 
Nagakami and Miya, 1939). Not one of the authors, however, looked upon 
the Sun as the direct source of the radio emission observed. 

The present chapter discusses the characteristics of the background 
Tadiation (or B-component) of the “quiet” Sun; the features of the other, 
Sporadic component are discussed in the next chapter. 


8. Frequency Spectrum of the “Quiet” Sun’s Radio Emission 


DETERMINING THE LEVEL OF THE “QUIET” Sun’s RADIO EMISSION 


As has already been pointed out in section 4, the flux of the Sun’s radio 
emission is generally described by the value of the effective temperature 
related to the area of the Sun’s disk T7,¢ 5. At millimetric wavelengths there 
is no difficulty in determining the level of the “quiet” Sun’s radio emission 
from the known dependence of T ro on the time ż, since bursts are a very 
rare phenomenon in this band and the enhanced radio emission that occurs 
when active regions appear on the Sun’s disk raises T şo by only fractions 
of a percent (Coates, 1960), However, measuring the absolute values of T fo 
in this band (particularly in the short-wave part) is made more difficult 
by the considerable absorption of millimetric waves in the Earth’s atmos- 
phere (see section 7). 

When we move into the region of the longer wavelengths the splitting 
of To into two components—one relating to the sporadic component 
and another defining the level of the “quiet” Sun—is a more complex prob- 
lem. This is because the sporadic radio emission in the centimetric, deci- 
Metric and metric wavebands is more intense than at millimetric wavelengths, 
particularly in years of high solar activity. The difficulties in separating the 
B-component from the total flux of the radio emission are caused not by 
bursts of sharply limited duration but by the lengthy smooth rises in the 
radio emission which occur when groups of spots and plages appear on 
the Sun’s disk. 

In the metric band the intensity of the enhanced radio emission connected 
‘with sunspots correlates well with the area of the spots located about the 
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central meridian, and at shorter wavelengths with the area of the spots 
that can be seen on the Sun’s disk (Piddington and Minnett, 1951). There- 
fore the effective temperature of the radio emission of the quiet Sun is. 
generally found from a graph of Tso (0), where o is the corresponding area 
of the spots, by extrapolating the area of the spots to zero (Fig. 8) (Pawsey 
and Yabsley, 1949). 
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Fic. 8. Dependence of effective temperature Teno of the Sun’s radio emission 
at å = 50 cm on the visible area of the spots c. The points show the observed 
values of Tato and the dotted line the averaged dependence of Tetto on o 


In this connection it should be pointed out that the radio-emitting phase 
of the spots, which at wavelengths of 4 ~ 1-5 m is close to their lifetime, 
increases as the frequency rises: in the decimetric band the enhanced radio 
emission does not disappear at the same time as the group of spots decays 
and can often still be observed for one or two periods of the Sun’s rotation.t 
During strong spot-formation activity of the Sun the basic level of the radio 
emission obtained by extrapolating the area of the spots visible on the 
Sun’s disk to zero includes a considerable amount of enhanced emission 
from groups of spots that have already decayed. Therefore to obtain more 
accurate values of the T ro of the basic level at wavelengths of 2 ~ 10-50cm. 
we must compare the T,,, of the radio emission not with the area of the 
spots that can be seen on the Sun’s disk but with the area of the flocculi 
which are connected, as observations show, with the enhanced emission 
in this band (see section 10 for more details). 


{In the centimetric band the radio-emitting phase once more becomes close to the 
duration of the spot’s life. 
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In order to allow for the influence of spots that have disappeared on the 
level of the solar radio emission we can also introduce the “complex area 
of the spots” d .omp (Piddington and Davies, 1953), which contains as well 
as the area of the spots that can be seen on the disk during a given period 
of the Sun’s rotation, the areas of the spots (in linear form) for the preced- 
‘ing periods of rotation o_,, O_a etc: 


Ocomp = “000+ a_10_1+%_20_e+... (8.1) 


‘The coefficients æo, «_,, %_2, ... are chosen so that the correlation be- 
tween the solar radio emission flux averaged for the period of rotation and 
the “complex area of the spots” ¢,,,,,is as great as possible. After this a 
diagram of the effective temperature plotted against the “complex area of 
the spots”, similar to the one shown in Fig. 8, is used to determine the level 
of the “quiet” Sun’s emission by extrapolating o,,,,, to zero. As is to be 
expected this method leads to a systematic reduction in the value of Togo 
for the radio emission of the “quiet” Sun. 

The above methods of processing the observational results unfortu- 
nately do not allow us to find the level of emission of the “quiet” Sun with 
sufficient accuracy and in actual fact provide only the correct order of 
magnitude at a period of high solar activity in the decimetric and metric 
bands. This is connected with the quite considerable difference from 
unity of the correlation coefficient between Tro on the one hand and ø, 
Scomp OF the area of the plages on the other. Under real conditions a precise 
determination of the level of the “quiet” Sun by measurements of the 
total solar radio emission flux is, strictly speaking, possible only during 
low activity, at periods when there are no active regions on the disk, when 
the intensity of the emission approaches its lower limit. 

We can count on a more accurate measurement of the “quiet” 
Sun’s level by integrating the distribution of the radio brightness 
over the disk of the unperturbed Sun. This distribution can be obtained 
as a result of the appropriate processing of observations made with narrow- 
beam aerials, which will pick up the radio emission of only a part of the 
Sun’s surface and not of the whole of the Sun (see section 9). This method 
is also valid in periods of high solar activity, when local radio-emitting 
regions can be seen all the time on the Sun’s disk; all that is necessary is 
that these regions should not solidly cover the whole of the Sun’s surface 
and should not make up a continuous band in longitude. In this case as the 
Sun rotates the brightness at each point of the solar disk will at certain 
times reach its lower limit, which is taken to be the radio brightness of the 
“quiet” Sun. 
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OBSERVED DEPENDENCE OF T, fo ON WAVELENGTH 

The values of the effective temperature Tro of the “quiet” Sun at milli- 
metric wavelengths obtained at different times from measurements at 
fixed frequencies are shown in Fig. 9. The numbers in square brackets 
refer to the articles from which the values of the effective temperature are 
taken. 


10? Tato 





A mm, 


Fic. 9. Frequency spectrum of the “quiet” Sun’s radio emission in the milli- 
metric band. The vertical lines indicate the possible measurement errors giv- 
en by the observers. The dotted line shows the most probable form of the 
frequency spectrum. The figures in square brackets indicate the sources as 
follows: 1—Gorokhov, Dryagin and Fedoseyev (1962); 2—Wort (1962); 
3—Tolbert and Straiton (1961); 4—Coates (1958b); 5—Coates (1958a); 
6—Edelson and Grant (1960); 7—Kislyakov (1961b); 8—Kislyakov (1961c); 
9—Straiton, Tolbert and Britt (1958); 10—Whitehurst, Copeland and 
Mitchell (1957); 11—Whitehurst and Mitchell (1956a and 1956b); 12— 
Amenitskiy et al. (1958); 13—Hagen (1949); 14—-Hagen (1951); 15—Weaver, 
Mitchell and Whitehurst (1958); 16—Aarons, Barrow and Castelli (1958), 
Coates (1957) 


As was to be expected from theoretical consjderations, according to 
which the millimetric band radio emission is generated in the lower layers 
of the chromosphere and its Tofo ~ T, where T is the kinetic temperature 
of these layers, the observations lead to values T fo ~ 5X 10°—104 °K. 
In order to get a clearer idea of the radio emission spectrum at millimetric 
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wavelengths we must throw out the earlier (and, one must assume, less 
accurate) results of the same observers (Coates, 1957; Hagen, 1949) and 
also the values at 2 = 4-3 mm that are too high (Tolbert and Straiton, 1961; 
Straiton, Tolbert and Britt, 1958). On the other hand, the value of Tigo 
obtained by Coates, (1958b) at this wavelength should be increased by 
5-10%%, since in the processing of the measurements there a systematic 
error crept in when allowing for the molecular absorption because of an 
assumption about the isothermal nature of the Earth’s atmosphere (see 
Kislyakov, 1961c). The results of measuring the effective temperature at 
A = 8-7 mm made by Aarons, Barrow and Castelli (1958) are also clearly 
far too low. It should be pointed out that the data available at present on 
Taro at AS 3 mm are still not entirely certain. An illustrative frequency 
spectrum of the radio emission T,,,(4) in the millimetric band plotted to 
allow for the remarks made above is shown by the dotted line in Fig. 9. 
It shows a characteristic curve with a maximum at 2 ~ 4 mm and a mini- 
mum at A ~ 6 mm. The value of T ro at the maximum is not very definite; 
it can be assumed to be about 810° °K. The minimum value of Tyg is 
close to 4-5 X 103 °K. In the 2-3 mm range the effective temperature does 
not differ significantly from 6X10°°K (the temperature of the photo- 
sphere). As far as we know no information has been published about abso- 
lute measurements of 7.¢. at shorter wavelengths (A ~ 1-1-5 mm) cor- 
rected for absorption in the Earth’s atmosphere apart from the data of 
Fedoseyev (1963), according to which at A = 1-3 mm Tso = 6-7 X 103 °K 
(for reception of the Sun’s radio emission at 4 ~ 0-3—1-5 mm see also 
Sinton, 1952 and 1955; Gebbie, 1957). 

The presence of a minimum of the effective temperature in the A ~ 6mm 
region, which had been found earlier (Zheleznyakov, 1958a) was con- 
firmed by a series of observations which Kislyakov (1961a) made with a 
wideband radiometer in the 3-7 mm band. In these experiments the fre- 
quency spectrum was analysed by placing waveguide filters with different 
critical frequencies between the aerial and the input of the radiometer. 
The preliminary results of the observations (the experimental values and 
the possible measurement error) are shown in Fig. 10, where the dotted 
curve indicates the most probable (from Kislyakov’s point of view) form 
of the frequency spectrum of the “quiet” Sun’s radio emission in the 
millimetric waveband (at A > 3 mm). Since the T, rọ of the radio emission 
is close to the temperature of the layers of the atmosphere with which this 
emission is connected, the minimum in the frequency spectrum at 2 ~ 
5-6 mm indicates the existence of a minimum in the distribution of the 
kinetic temperature T in altitude in the lower layers of the chromosphere 
(for further details see section 28). 
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With the transition from the millimetric to the centimetric and decimetric 
bands Tso rises rapidly, reaching values of the order of 10° °K at metric 
wavelengths. In accordance with the theory of the Sun’s thermal radio 
emission the value T.¢. ~ 10°°K for the radio emission coming from 
the corona points to its high kinetic temperature T ~ 10® °K. 


10 Tero, °K 





Fic. 10. Frequency spectrum of the “quiet” Sun’s radio emission according 
to the data of Kislyakov (1961a). Markings as in Fig. 9 


The values of T fo obtained by a number of observers in the band 
4 ~ 1cm-4 m are shown in Fig. 11 which also shows the averaged depend- 
ence of Tro on the wavelength 2. The function T,¢.(A) is close to linear 
in the range of wavelengths from ~4 cm to ~1:5 m, where it can be 
quite well approximated by the relation (Zheleznyakov, 1958a) 


Tefo (in degrees) = 5X 109A (in cm). (8.2) 


The nature of the function T,_,(A) at wavelengths of à ~ 3 m is still not 
clear at present. 

There is a certain amount of interest in studying the variation in intensity 
of the “quiet” Sun’s radio emission over a cycle of solar activity. This 
variation is possible because during a period of solar activity the state of 
the corona and the chromosphere (chiefly their density) alters and there 
is therefore a change in the intensity of the radio emission connected with 
them. 

The available published information on this subject is extremely contra- 
dictory and incomplete. According to Covington and Medd (1954) the 
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level of the “quiet” Sun’s emission at a wavelength of 10-7 cm decreased 
by a factor of about 2 between 1947 and 1953. This period was distinguished 
by a general drop in solar activity which showed itself in a sharp reduction 
in the area of the sunspots. However, the method used by Covington and 
Medd (1954) for processing the results of the observations made no allow- 
ance for the emission connected with spots that had already decayed; 
therefore the value of the basic level of the radio emission for the period 
of high solar activity (1947-8) was about a factor of 2 too high (Piddington 
and Davies, 1953). This throws doubt on the correctness of the conclusions 
about the variation in the B-component of the Sun’s radio emission. 


Tetig K 





FıG. 11. Frequency spectrum of the “quiet” Sun’s radio emission in the cen- 
timetric, decimetric and metric wavebands (from observational results in: 
Ryle and Vonberg, 1948; McReady, Pawsey and Payne-Scott, 1947; Machin, 
1951; Pawsey and Yabsley, 1949; Piddington and Minnett, 1949; Dicke and 
Beringer, 1946; Tu Leng Yao et al., 1959; Minnett and Labrun, 1950; 
Sander, 1947; Troitskii et al., 1956; Piddington and Hindman, 1949; Hey 
and Hughes, 1958; Covington, 1948 and 1951; Christiansen and Warburton, 
1955; Piddington, 1950; Lehany and Yabsley, 1949; Steinberg, 1953; Laffi- 
neur and Houtgast, 1949; Swarup and Parthasarathy, 1955; Reber, 1946; 
Seeger, Stumpers and van Hurck, 1959/60; Firor, 1959a; Pawsey, 1946; 
Priester and Dröge, 1955; Payne-Scott, 1946) 


On the other hand the observations of Christiansen and Hindman (1951) 
at wavelengths of 10, 25 and 50 cm revealed no noticeable variation in 
the basic level of the radio emission for the same period with the exception 
of a sharp drop during 1950. In this year there was also a considerable 
reduction in the total area of spots. Since unsatisfactory processing of the 
measurements resulted in part of the emission connected with local 
regions on the Sun also being included in the B-component of the radio 
emission, the variation noted in the basic level was evidently caused to a 
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considerable extent by the reduction in the intensity of radio emission 
from spots that had decayed. 

The results of the more correct processing of the observational data. 
carried out by Allen (1957) with allowances noted by Piddington and 
Davies (1953) indicate that at centimetric and decimetric wavelengths the 
T.go Values of the “quiet” Sun at maximum activity are systematically 
higher than the corresponding values at minimum activity. The greatest 
changes (by a factor of about 2) are found at wavelengths of about 30 cm. 
Allen’s conclusions have been in fact confirmed (Christiansen and War- 
burton, 1955; Christiansen, Warburton and Davies, 1957; Labrum, 1960). 
Because of the complexity of separating the radio emission’s B-component 
from its sporadic component in years of high solar activity and theresultant 
possible errors a certain amount of caution must be observed with the: 
results given. 

To conclude let us say a few words about the polarization of the radio 
emission and the 4 = 3-04 cm hydrogen line in the spectrum of the “quiet” 
Sun. 

According to modern ideas about the nature of the unperturbed solar 
radiation (see section 28) this polarization may be caused by the Sun’s 
overall magnetic field, which leads to a difference in the optical thickness of 
ordinary and extraordinary waves in the coronal plasma. Therefore the inten- 
sity of both the normal components of the radio emission (ordinary and 
extraordinary) becomes different and, therefore, the emission coming from. 
a certain part of a given region of the Sun’s disk will be partly polarized. 

It is easy to see, however, that provided there is sufficient symmetry in 
the magnetic field’s lines of force the polarization effects from the separate 
parts of the Sun’s disk cancel each other out. For example, in the most 
likely case, when the field is a dipole, the effects of circular polarization 
of the radio emission from areas on the Sun’s disk located symmetrically 
with respect to the magnetic equator are cancelled out. At the same time 
neither of the normal components will be found to predominate in the 
overall radio emission of the Sun and circular polarization can be found 
only when receiving radio emission from part of the Sun’s disk, e.g. during 
an eclipse.t 

There are great difficulties involved in making measurements of this kind 
because of the smallness of the expected effect which, in addition, is masked. 
by the strongly polarized radio emission connected with the spots and 
plages. The low degree of polarization of the “quiet” Sun’s radio emission 


+ Since, when they leave the corona, the ordinary and extraordinary waves are 
circularly polarized (section 24), linear polarization is not to be expected when receiving. 
radio emission from part of the Sun’s disk. 
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is caused by the low strength of the Sun’s overall magnetic field which 
in the photosphere is no more than about 1 oe (see section 1). At the same 
time it is quite important to measure the degree of polarization (partic- 
ularly at metric wavelengths) since it will provide information on the 
‘magnitude of the magnetic field in the corona. 

Calculations of the possible degree of polarization of the radio emission 
from the “quiet” Sun have been made by Smerd (1950b). The first eclipse 
observations of polarization of the solar radio emission at wavelengths 
-of 10 and 50 cm did not reveal any noticeable predominance of one of the 
circularly polarized components (Piddington and Hindman, 1949; Christi- 
ansen, Yabsley and Mills, 1949). This led to the conclusion that the degree 
of polarization was not more than 1:5% and that the strength of the 
magnetic field at the poles was Ho < 11 oe (Smerd, 1950b). No polariza- 
‘tion component (with an accuracy of up to 0:2% of the total radio emission 
flux) was found at A = 8 mm either (Amenitskiy et al. 1958). 

During one of the eclipses when there were no active centres on the 
‘Sun before total eclipse and soon after it a circularly polarized component 
‘was found at a wavelength of A = 2 m (Rydbeck, 1953); according to the 
data of Kaidanovskii, Mirzabekyan and Khaikin (1956) the content of 
this component at a wavelength of 3-7 cm is about 1%. Observations at 
4 = 60cm (Conway, 1956) indicate that the degree of polarization corre- 
sponds to a magnetic field whose strength at the poles is not more than 
‘25 oe. Therefore the radio results available do not contradict the results 
of the optical measurements of the total magnetic field at the level of the 
‘photosphere. 

We have spoken above about the features of the continuous spectrum 
-of the “quiet” Sun’s radio emission, which, from the point of view of 
‘modern ideas about its origin, is the bremsstrahlung of electrons in colli- 
Sions with ions inthe corona and the chromosphere (section 28). As well 
.as the continuous spectrum, however, the “quiet” Sun’s radio emission 
strictly speaking also has a discrete spectrum caused by transitions of 
electrons between levels of atoms and ions. The most promising in this 
respect is the A = 3-04 cm line, which is connected with the 27S, ,. = 2?Py3) 
transition between the levels of the fine structure of neutral hydrogen 
(Wild, 1952). The probability of a transition in this line is 2X 10° times 
greater than the corresponding probability for a transition between the 
levels of the superfine structure of hydrogen accompanied by emission 
at A = 21 cm (De Jager, 1959a) (study of the latter is playing an extremely 
important part in galactic radio astronomy). 

It should be pointed out that great intensities are not to be expected 
on the Sun even in the 3-04-cm line; according to De Jager (1959a), if the 
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population of the levels is determined by collisions under conditions of 
thermal equilibrium, the effective temperature at the frequency of the 
line will differ from T,g in the continuous spectrum by only 5X107? °K 
and it is practically impossible to see the line. This value can increase 
significantly only in sharplynoon-equilibrium conditions, when the popu- 
lation of the levels is not determined by the kinetic temperature of the 
ambient medium. This explains the negative results of the observations 
by De Jager (1959a), Dravskikh (1960) of the “quiet” Sun, according to 
which the level of the radio emission at A = 3-04 cm (in the 15 Mc/s band), 
even if it does differ from the level of emission in the continuous spectrum, 
does not differ by more than 1%. At the same time there are some indi- 
cations of the existence of this line in the microwave bursts of radio emis- 
sion (see section 11). 


9. Distribution of Radio Brightness over the Sun’s Disk 


When investigating the “quiet” Sun’s radio emission the most interesting 
and difficult problem is finding the angular distribution of the effective 
temperature Tẹ over the source or, as is said, the distribution of the 
radio brightness over the Sun’s disk.t The results obtained in the solution 
of this problem are of great importance for confirming the theory of the 
thermal radio emission of the “quiet” Sun and provide valuable information 
on the temperature distribution and electron concentration in the solar 
corona and chromosphere. 


REMARKS ON METHODS OF INVESTIGATION. SOME PRELIMINARY DATA 


The usual idea of the nature of the radio brightness distribution is given 
by the value of the Sun’s effective radius in the radio-frequency band Rro 
defined by the relation 


Rf a So max 
mR, So max — So min 





(9.1) 
from the change in the solar radio emission flux during an eclipse. In 
equation (9.1) 7R,' is the area of the Sun’s disk covered by the Moon ar 
totality; Somax and S, min are respectively the total emission flux (before 
the start of the radio eclipse) and the residual flux (at the period of the 
eclipse’s maximum phase). This definition of R.o has a clear-cut physical 


+ The latter expression is not completely accurate since a considerable part of the 


Sun’s radio emission, in particular at decimetric and metric wavelengths, comes from 
regions lying a long way beyond the limits of the optical disk. 
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meaning: it is the radius of a uniform disk one astronomical unit (1 a.u.) 
from the Earth, the radio emission flux from which is equal to the observed 
values before the eclipse and at the moment of its totality. 

The first eclipse observations of the Sun’s radio emission, which were 
made by Khaikin and Chikhachev (1947) on 20 May 1947 at A = 1-5 m, 
showed that the effective radius of the Sun is 1-35 times greater than the 
optical radius R, and therefore the solar radio emission in this band 
owes its origin to the corona. Further measurements made it possible to 
determine that the altitude of the effectively emitting layer drops rapidly 
with the wavelength, reaching values of the order of (4-5-6) X 10? km in 
the millimetric band (at 2 = 8 mm) (Coates, Gibson and Hagen, 1958; 
Salomonovich, Pariiskii and Khangil’din, 1958). 

Observations of solar eclipses at wavelengths of 1:5 m, 10 cm and 3-2 cm 
indicate that the radio diameter of the Sun decreases at a period of a 
drop in solar activity. This effect is more noticeable in the metric band; 
at centimetric wavelengths the change in Raro is comparatively small 
(Troitskii-et al., 1956; Su Shih Weng et al., 1962). Interferometer measure- 
ments (O’Brien, 1953a) also point to a change in the size of the radio 
Sunat å = 1-4 m:in7 months of observations in 1951-2 its radio diameter 
decreased by 20%. This change is in close agreement with the variation 
in intensity of the green 5303 A coronal line (O’Brien, 1953b); both the 
former and the latter phenomena are connected in all probability with 
the decrease in coronal density in the period of weakening of the solar 
activity. We notice, however, that at a wavelength of 7-9 cm in 1952 the 
radio brightness distribution was even slightly broader than in 195] 
(O’Brien, 1953a), but careful observations in the decimetric band (at 
A = 21 cm) did not reveal any changes in the form and extent of the radio 
sun at this time (Piddington, 1950). 

Eclipse observations (Blum, Denisse and Steinberg, 1952a and 1952b) 
and interferometer measurements (Vitkevich, 1956a) indicate that the 
size of the radio sun at metric and decimetric wavelengths is considerably 
greater in the equatorial direction than the polar. 

The data given above on the nature of the distribution of the radio 
brightness over the Sun’s disk, which were chiefly obtained from eclipse 
observations of the change in the total radio emission flux, are highly 
schematic and incomplete. Further information on the distribution of Ty, 
on the basis of eclipse observations of the total solar radio emission flux 
is generally obtained by selecting a model for the distribution of the 
radio brightness over the Sun’s disk which best corresponds to the observed 
curve of the flux variation. However, a whole number of factors—fluctu- 
ations in the amplification factor of the receiving apparatus, its inherent 
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noise and outside interference which distorts the progress of the radio 
eclipse, on the one hand, and the fact that the eclipse curves are not very 
critical in relation to the variations in the radio brightness distribution 
(particularly at metric wavelengths, when the size of the radio sun is far 
greater than the diameter of the optical disk), the difficulties in distinguish- 
ing the radio emission from the “quiet” Sun from the emission of local 
sources on the eclipse curves, and also the “uniformity” of the results 
obtained here noted in section 5, on the other hand—make it impossible 
to establish reliably the nature of the distribution of T,, over the disk 
of the “quiet” Sun. At the same time the results of the eclipse observations, 
despite all their faults, are of definite importance in checking data obtained 
by other methods. 
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Fic, 12. Combined daily recordings of the one-dimensional! distribution of radio 
brightness over the Sun’s disk at 4 = 60 cm 


Narrow-beam parabolic aerials, multi-element interferometers and the 
combination of the latter into the Mills Cross (section 5) are of particular 
value in investigating the distribution of the radio brightness over the 
Sun’s disk. The point is that these devices, which provide quite high 
resolution, give a radio brightness distribution curve at the output each 
time the Sun passes through a lobe. The distribution will be one-dimen- 
sional if the width of the lobe in one dimension is far greater than the 
angular size of the Sun. If the width of the lobe in both dimensions is 
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much less than the angular size of the Sun the recording of the radio 
emission intensity as the Sun passes through the beam will be characteristic 
of the radio brightness along the scanning line. Moreover, the radio emis- 
sion of the quiet Sun can be distinguished from the emission caused by 
active regions localized on the disk by combining a large number of 
daily recordings of the radio emission, as shown in Fig. 12: the one- 
dimensional distribution of the “quiet” Sun’s radio brightness will in the 
latter case obviously be given by a curve fitting round the bottom of the 
combination of all the recordings. 

A similar method of distinguishing the distribution of the “quiet” Sun’s 
radio brightness from the emission of its sporadic component can in 
principle also be used when processing measurements made on interfero- 
meters with a variable baseline. However, the method of combining the 
radio brightness distributions is generally not used in the latter case since 
it is a very laborious task to obtain even one distribution in this way (see 
section 5). If at the same time we remember that when there are active 
regions on the Sun the radio brightness distribution may change in the 
time required to obtain one series of the Fourier components of the 
distribution, it becomes quite understandable why we try to make measure- 
ments on interferometers with a variable baseline at a period of low solar 
activity. It is true that even in this case one cannot be certain that 
the effect of active regions is not distorting the results obtained. 


FEATURES OF THE 7,, DISTRIBUTION OVER THE DISK OF THE “QUIET” 
SUN IN THE RADIO-FREQUENCY BAND 


Calculations of the radio brightness distribution over the Sun’s disk 
made by Martyn (1946 and 1948), and later made more accurate by a num- 
ber of other authors, have shown that in the case of thermal origin of the 
B-component of the radio emission at centimetric and decimetric wave- 
lengths there must be an effect of an increase in brightness towards the 
edge of the Sun’s disk. This effect is connected with the rise in temperature 
in the transition region from the chromosphere to the corona and its 
cause is that a considerable part of the radio emission from the central 
part of the disk is generated in the relatively “cold” layers of the chromo- 
sphere, whilst in the transition from the central part of the disk to the Sun’s 
limb there is an increase in the contribution to the radio emission from 
the higher, hotter layers of the chromosphere and corona. 

The increase in brightness at the edge of the disk should disappear at 
metric wavelengths, since in this band practically all the emission owes its 
origin to a corona with a kinetic temperature T which is constant or even 
slightly decreasing with altitude, the effective temperature of the radio 
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emission at the centre of the disk reaching a maximum possible value equal 
to T. The absence of brightening must also be expected in the millimetric 
band at wavelengths of A ~ 4-5 mm, since in this case the radio emission 
is connected with the lower layers of the chromosphere in which, to judge 
from the observed spectrum of the radio emission (see Figs. 9 and 10), 
there is no temperature inversion (the temperature averaged for the fine 
structure of the chromosphere decreases as the altitude above the photo- 
sphere increases). Therefore in the transition from the centre to the limb 
T.g at A ~ 4-5 mm should also decrease since the emitting region in this 
case moves to the higher (and colder) layers of the chromosphere. At the 
same time brightening becomes possible again at A < 4 mm, since here 
T. Once more increases as we move away from the Sun’s surface (see 
section 28 for more detail). 

The first attempts to find an increase in the radio brightness at the Sun’s 
limb were made during the eclipse of 1 November 1948. The existence of the 
brightening predicted by the theory would appear to follow from observa- 
tions at a wavelength of 10 cm (Piddington and Hindman, 1949); however 
the results obtained were unconvincing since they related to a period of 
considerable solar activity which distorted the progress of the radio eclipse. 
Moreover the authors Christiansen, Yabsley and Mills, 1949), on the basis 
of measurements during the same eclipse, came to the opposite conclusion 
about the absence of brightening in the decimetric band. Further observa- 
tions were made by Stanier (1950) on an interferometer with a variable 
baseline (å = 60 cm) in order to find the brightening. It turned out, how- 
ever, that the relation between the effective temperature and the dis- 
tance from the centre of the disk obtained on the assumption that the radio 
brightness distribution has circular symmetry is a steady curve with gradu- 
al “darkening” towards the edge of the disk (see Fig. 19b). 

The negative result of the observations of Stanier (1950) considerably 
increased interest in the solution of this problem. The point is that the 
absence of brightening cast doubt on either our knowledge of the physical 
conditions in the upper layers of the Sun’s atmosphere, or the correctness 
of the interpretation of the “quiet” Sun’s radio emission as thermal emis- 
sion of the corona and chromosphere. The intensive research carried out 
after these observations have made it possible to obtain distributions of the 
effective emission temperature over the Sun’s disk in a wide band of 
wavelengths from 4 mm to 8 m and definitely find the brightening effect 
towards the edge of the disk. 

In the millimetric band the radio brightness distribution has been studied 
at wavelengths of 4-3 mm and 8°6 mm. At the first of these wavelengths 
the recording of the radio emission flux obtained by Coates (1958b) when 
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scanning along the Sun’s diameter with a parabolic aerial having a beam 
width of 6-7’ is very satisfactory, however, both with respect to the model 
of the radio sun in the form of a uniform disk with a radius of 1-01R, 
and to the model with a ring on the limb whose brightness is 3% greater 
than the brightness of the inner uniform part of the distribution (Coates, 
1958d). (At the same time the agreement is not nearly so good if we put 
Rato = Ro.) Therefore, at present the important question of the detailed 
nature of the radio brightness distribution in the 4-mm band and partic- 
ularly the existence of brightening at the Sun’s limb remains open. It is 
in place to recall that the ideas given above, which are based on the theory 
of thermal radio emission and measurements of the Sun’s spectrum at 
millimetric wavelengths, are not in favour of this effect. 

More reliable data on the dependence of T,, on the distance r to the 
centre of the disk have been obtained by Coates, Gibson and Hagen (1958) 
in observations during the eclipse of 30 June 1954 at a wavelength of 2 = 
86mm. Their aerial system had low directivity along the line connecting 
the centres of the solar and lunar disks and high resolution in the direction 
at right angles. The position of the Sun and the Moon with respect to each 
other during the observations and the cross section of the polar diagram are 
shown in Fig. 13. It is clear from the figure that under these conditions 
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Fic. 13. Position of the Sun and the Moon in the sky and cross-section of the 
polar diagram of the sky during eclipse observations at 4 = 8-6 mm on 
30 June 1954 


the distribution of the radio brightness along the line of the centres can be 
found, roughly speaking, by differentiating the curve of the variation in 
the solar radio emission flux. The results of processing the observational 
data are shown in Fig. 14, where we can see the features of the distribution 
T.g(r) quite well: the sharply bounded (at an altitude of about 5000 km 
above the photosphere) disk of the radio sun, the brightening at the limb 
(about 10%, more than the average brightness), the constant brightness 
in the central region (for r < 0-6R,) and the minimum of 7,, near r = 
0-9R,, the weak emission of the upper chromosphere. 
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A considerable rise in the effective temperature near the limb and a 
certain increase of T,, in the central part of the disk are indicated (though 
without complete certainty) by measurements of the total radio emission 
flux of the Sun at a wavelength of about 8 mm made during the same 
eclipse (Salomonovich, Pariiskii and Khangil’din, 1958), and also by 
eclipse and interferometer observations at a wavelength of 2 = 3-2 cm 
(Alon, Arsac and Steinberg, 1953 and 1955). The results of the latter are 
shown in Fig. 15 which gives two possible types of Tœ distribution over 


Ten (relative units) 


Tat (relative units) 











T/R 9 10 Re 


Fic. 14. Distribution of radio brightness over Fic. 15. Possible radio brightness 

the “quiet” Sun’s disk at 4 = 8°6 mm (Coates, distributions over the disk of the 

Gibson and Hagen, 1958) (solid curve; the dot- “quiet” Sun at A = 3:2 cm (Alon, 

ted line indicates the limits of possible error) Arsac and Steinberg, 1953 and 
1955) 


the Sun’s disk; unfortunately the accuracy of the results does not permit 
any definite choice between them. We notice, however, that the distribu- 
tion obtained by Molchanov (1956) from eclipse observations at A = 
3-2 cm is close to that shown by the solid line in Fig. 15. 

The increase in the brightness in the central part of the disk, which is 
indicated by the observations in the 8-mm band and which may still be 
there up to wavelengths of 3 cm, is apparently connected with the presence 
of spicules in the chromosphere. The interpretation of this effect from this 
point of view is given in section 28 when discussing the theory of the 
thermal radio emission of the “quiet” Sun. The existence of brightening near 
the Sun’s limb in the centimetric band follows from the combined results 
of Tu Leng Yao et al. (1959); Blum, Denisse and Steinberg (1952a); Hagen, 
Haddock and Reber (1951); Bosson et al. (1951); Haddock (1957); Mayer, 
Sloanaker and Hagen (1957); Molchanov et al. (1959), although the doubts 
are not entirely non-existent (Troitskii et al., 1956). 
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It should be noted that the processing of the eclipse curves to obtain the 
radio brightness distribution was carried out on the assumption of circular 
symmetry of the distribution relative to the centre of the Sun’s disk. This 
assumption is clearly quite permissible at wavelengths of A < 3 cm since 
the deviations from circular symmetry are slight (Hachenberg, Fürstenberg 
and Prinzler, 1956; Molchanov, 1960). On the other hand, the radio bright- 
ness distribution at longer wavelengths (starting, for example, at 10 cm) 
display noticeable asymmetry, being elongated along the equator (see 
Hey, 1957, and the data given below). Therefore processing the observa- 
tional results at 2 2 10cm on the assumption of circular symmetry of the 
distribution leads to considerable errors. 
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Fic. 16. Effective temperature Ten as a function of the relative distance from 
the centre of the Sun r/Ro at å = 7-5 cm (Kakinuma, 1955) 


Data on the radio brightness distribution have been obtained with multi- 
element interferometers, starting at A = 7°5 cm. The distribution at this 
wavelength, which was found while scanning the Sun with an eight-element 
interferometer with a lobe width of 4-5’ (at the half-intensity points), is 
shown in Fig. 16 (Kakinuma, 1955). The results of the observations were 
processed on the assumption that the distribution of T,ẹ has circular 
symmetry. In the 10-cm band Covington and Broten (1954) when carrying 
out measurements on a multi-element interferometer made in the form of a 
waveguide with a large number of slot aerials found the function 7,,(r) 
shown by the smooth curve in Fig. 17a. The same figure shows the later 
results which they made more accurately (Covington, et al., 1955) (obser- 
vations of the function T,,(r) in the equatorial and polar directions). During 
the last solar activity minimum Swarup (196la and 1961b) also obtained 
a two-dimensional distribution of the radio brightness over the disk of the 
“quiet” Sun with a Mills Cross that had a beam consisting of a series of 
“pencil” lobes about 3’ wide (at half intensity) with a separation of 41’. 
This distribution is shown in Fig. 17b. The detail of the radio brightness 
distribution over the Sun’s disk at 4 = 21 cm has been established by 
Christiansen and Warburton (1955 and 1956) (see also Pawsey, 1957) on 
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the basis of measurements made first on one and then on two multi-element 
interferometers pointing at right angles to each other. The use of two 
interferometers made it possible to take one-dimensional distributions in 
practically every direction with respect to the solar equator and thus obtain 
(after the appropriate processing: see section 5) the two-dimensional 
distribution of the radio emission intensity of the “quiet” Sun without 
making any assumptions about the form of its radio iosphots (Fig. 18). 


Tap (relative units) 








Fic. 17. (a) Tenas a function of r/Ro at A = 10-3 cm (smooth curve—pre- 
liminary data (Covington and Broten, 1954); the more accurate distributions 
in the equatorial and polar directions are shown by the solid and dotted his- 
tograms respectively (Covington ef al., 1955)). (b) Radio isophots of the 
“quiet” Sun at A = 9-1 cm at the period of minimum solar activity. The 
effective temperature at the centre of the disk is 3 104°K, at the point of 
intersection of the limb and the equator is 4-5104°K and at the poles is 
2104 °K (Swarup, 1961a and 1961b) 


At the longer wavelengths (in the 50-60 cm range) the radio brightness 
distribution has been studied by Ovsyankin and Panovkin (1956), Panovkin 
(1957) (see Fig. 19a), O’Brien and Tandberg—Hanssen (1955), Conway and 
O’Brien (1956) on interferometers with a variable baseline (Fig. 20) and 
also by Swarup and Parthasarathy (1956) on a multi-element interfero- 
meter with a lobe width of 8-7’ (Fig. 19b). The results of the observations 
of Swarup and Parthasarathy (1956) were processed on the assumption 
of circular symmetry of the radio isophots. As well as the function T,,(r) 
they obtained, Fig. 19b shows Stanier’s distribution (Stanier, 1950); the 
latter differs sharply from the other distributions in the band under discus- 
sion by the absence of brightness towards the edge of the disk. This dis- 
crepancy can apparently not be explained by the difference in the state of the 
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Fic. 18. Distribution of the radio brightness over the disk of the “quiet” 

Sun at a wavelength of 21 cm at a period of minimum solar activity. (a) Ra- 

dial distributions of 7.,(r) at different angles æ to the central meridian; (b) 

radio isophots of the Sun (the contours are at intervals of 4 10®°K) (Chris- 
tiansen and Warburton, 1955 and 1956) 


corona at the time of the observations (Stanier, 1950; Swarup and Parth- 
asarathy, 1956), since they were carried out at a period when the corona 
took its minimum form. It is more probable, therefore, that Stanier’s curve 
does not reflect the true distribution of the radio brightness because of 
distortions introduced into it by the radio emission of local regions during 
the interference measurements.t 

+ Stanier’s distribution agrees with the 1948 eclipse observations (Christiansen, 


Yabsley and Mills, 1949). The radio eclipse curves given in this reference agree closely, 
however, with distributions that differ markedly from Stanier’s distribution. 
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Frc. 19. Radio brightness distribution over the Sun’s disk: (a) A = 50 cm 
(Panovkin, 1957; Ovsyankin and Panovkin, 1956); (b) 4 = 60 cm (Swarup 
and Parthasarathy, 1956 (solid line) and Stanier, 1950 (dotted line)) 


It is clear from the data given that the radio brightness distribution in 
the decimetric band (just as the distribution of the electron concentration 
in the corona: see section 1) deviates considerably from circular symmetry, 
revealing characteristic “flattening” towards the poles. If, for example, in 
Fig. 18 (A = 21 cm) we take the contour at which the brightness is half 
that at the centre of the disk, then the distance from the contour to the 
centre along the equator is 1:25R,, whilst along the central meridian this 
distance will be only 0-94R,. 

A very significant feature of the radio isophots at wavelengths of 
A ~ 10-20 cm is that the degree of brightening decreases as one moves away 
from the equator; in the polar directions T.y drops smoothly as the distance 
r from the centre of the disk increases. To judge from the data at a wave- 





205 
50 
350 
30 
200 
10 
0 


Fic. 20. Radio isophots of the quiet Sun at a wavelength of 60 cm in units 
of 10?°K (O’Brien and Tandberg-Hanssen, 1955; Conway and O’Brien, 
1956) 


93 


Radio Emission of the “Quiet” Sun (Ch. HI 


length of 21 cm the brightening disappears at a latitude of about 60°, i.e. 
in the region where in the period of minimum solar activity there were 
considerable changes in the structure of the corona. At this latitude the 
fine polar rays (“brushes”).characteristic of high latitudes appear, whilst in 
the region near the equator the corona look like a comparatively struc- 
tureless, but more extensive formation. 

Another feature of the radio brightness distribution in the band under 
discussion is that the T,, maximum located at the equator does not reach 
to the edge of the optical disk (as at wavelengths A $ 3 cm) but is notice- 
ably shifted towards the centre. This shift is small at 2 ~ 10-20 cm 
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Fic. 21. (a) Radio isophots of the “quiet” Sun at A = 1-4 min units of 10®°°K 

(O’Brien, 1953). (b) Radial distributions of the effective temperature at 

A = 1-45 m in the equatorial direction (solid curve) and in the polar direc- 
tion (dotted line) (Firor, 1957) 


although it is noticeable at A = 7-5 cm; the shift becomes considerable at 
wavelengths between 50 and 60 cm, where the T,, maximum corresponds 
to a value r ~ 0-9R, according to the data of Swarup and Parthasarathy 
(1955) and r = (0-6-0-65)R, to judge from the measurements by Panovkin 
(1957) and by O’Brien and Tandberg—Hanssen (1955). This feature has also 
been noted at the beginning of the metric band (at A = 1-45 m), where the 
Tq Maximum is likewise shifted towards the centre of the disk, being at a 
distance r ~ 0-6R, from it (see Fig. 21). 

The radio brightness distribution over the Sun’s disk at metric wave- 
lengths was first found by Machin (1951) (A = 3-7 m) and then by O’Brien 
(1953) (A = 1-4, 3-7, 7-9 m) from observations on interferometers with a 
variable baseline. Unlike the distributions at shorter wavelengths the 
functions T,,(r) obtained on the assumption of circular symmetry of the 
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radio isophots and given in Fig. 155 (section 28) are monotonic with a 
gradual decrease in brightness as one moves away from the centre; for the 
three wavelengths given above the brightness drops to 0-1 of its value at 
the centre of the disk at distances r respectively to 1-6Ro, 2-2R, and 2:8Ro. 

During the observations, however, it was found that the radio sun did 
not extend the same distance in different directions relative to the Sun’s 
equator. Therefore O’Brien made a series of measurements at 4 = 1-4 m 
on variable-baseline interferometers pointing at different angles to the 
equator in order to obtain a two-dimensional distribution without further 
assumptions about circular symmetry. This distribution is shown at Fig. 
21a; it agrees closely with the results of observations of the solar eclipse 
of 30 June 1954 at A = 1-5 m (Priester and Dröge, 1955), whilst the inter- 
ference measurements at A = 1-45 m made by Firor (1955, 1956 and 1957) 
indicate (unlike the data just given) the existence of noticeable brightening 
towards the edge of the disk (Fig. 21b).t 

The radio brightness distributions at wavelengths of 1-4, 3-7 and 7:9 m 
obtained by O’Brien (1953) were later improved by Conway and O’Brien 
(1956) (see also Hewish, 1957) on the basis of interference and eclipse 
observations. In the processing of the results of measurements on variable- 
baseline interferometers (the orientation of which was not changed during 
the observations) it was assumed that the Sun’s radio isophots have the 
form of ellipses; the degree of ellipticity was found from the eclipse curves. 
The distributions of T(r) in the equatorial and polar directions plotted 
in this way are shown in Fig. 22. By way of comparison this figure also 
shows Machin’s distribution (A = 3-7 m). In general functions T,(r) at A = 
3:7 and 7:9 m are similar to those obtained by O’Brien (1953); however in 
the radio brightness distribution at A = 1-4 there is a slight increase in the 
brightness along the equator which confirms the results of Firor (1955, 1956 
and 1957). 

Data on the degree of brightening near the Sun’s limb, i.e. the values of 
the ratio of the maximum effective temperature at the equator to the 
effective temperature at the centre of the disk Tug max/Tego in the whole 
range under study from millimetric to metric wavelengths, are shown in 
the graph in Fig. 23. It can be seen from the figure that the models of the 
radio brightness distributions that best satisfy the results of the eclipse 
observations systematically have higher degrees of brightening than the 
distributions obtained by interferometer techniques. This circumstance is 
due to the different resolutions of these methods of measurement: unlike 


t The negative values of T,;; in the distribution along the solar axis in Fig. 21b are 


connected with the uncertainty of the interference fringe amplitude in measurements 
on long baselines. 
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the eclipse observations which have high resolution, in interference meas- 
urements the actual radio brightness distribution (particularly the sharp 
maximum near the Sun’s limb) is “smoothed out” over the beam which, 
as a rule, is not less than 3’ wide (Smerd and Wild, 1957). 

The information given above on the distribution of 7,, over the Sun’s 
disk relates basically to a period of low solar activity when the corona has 
its minimum form. It becomes difficult to obtain corresponding results for 
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Fic. 22. Radial distributions of T.:(7) at wavelengths: (a) A = 1-4 m, (b) 

A = 3:7 m and (c) A = 7-9 m (Conway and O’Brien, 1956) in the equatorial 

direction (solid curve) and the polar direction (dotted curve). The curve of 

small dots shows the distribution at A = 3-7 m obtained by Machin (1951) 
a cycle maximum because of the complexity of separating the B-compo- 
nent of the radio emission from the sporadic component. For example, 
during the last, very intense solar activity maximum (1957-8) the use of 
the method described above to determine the one-dimensional distribution 
of the “quiet” Sun as the envelope below all the one-dimensional distribu- 
tions along the equator at A = 21 cm turned out to be impossible: the local 
sources of the slowly changing component of the emission surrounded the 
Sun in a continuous band, so the envelope contained a considerable part 
of the sporadic component (Labrum, 1960). Scanning the Sun with a 
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multi-element interferometer along the solar axis made it possible, how- 
ever, to find the one-dimensional radio brightness distribution in the high 
latitudes (40°) where there are no local sources. The T, distribution of 
the “quiet” Sun at low latitudes was then obtained as a result of extrapola- 
tion which was not entirely reliable. Nevertheless these observations give 
us a certain foundation for stating that the general nature of the Tor 
distribution at A = 21 cm did not change radically from the time of the 
observations of Christiansen and Warburton (1955) at the cycle minimum 
(see Fig. 18), at least with respect to the absence of brightening in the 
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Fic. 23. Degree of increase in brightness Tett max/Testo at the equator as a 
function of the wavelength 2: dots—results of measurements on interfero- 
meters; crosses—results of eclipse observations. The numbers in square 
brackets are the references from which the data are taken: (1) Coates, 
Gibson and Hagen (1958); (2) Salomonovich, Pariiskii and Khangil’din 
(1958); (3) Alon, Arsac and Steinberg (1953 and 1955); (4) Molchanov (1956); 
(5) Molchanov ef al. (1959); (6) Haddock (1957); (7) Hachenberg, Fürsten- 
berg and Prinzler (1956); (8) Haddock (1957); (9) Covington and Broten 
(1954); (10) Swarup (1961a and 1961b); (11) Kakinuma (1955); (12) Chris- 
tiansen and Warburton (1953); (13) Christiansen and Warburton (1955); 
(14) Swarup and Parthasarathy (1955); (15) Panovkin (1957); (16) Ovsyan- 
kin and Panovkin (1956); (17) O’Brien and Tandberg—Hanssen (1955); (18) 
Conway and O’Brien (1956); (19) Firor (1955 and 1956) 


polar directions. The conservation of the main features of the distribution 
in Fig. 18 for the whole of the solar cycle is also confirmed by eclipse data 
(Krishnan and Labrum, 1961) obtained at a falling-off in solar activity 
(8 April 1959). 
$ e 
> 


We can conclude from the results given above of observations of the 
“quiet” Sun’s radio emission that this component has the following fea- 
tures. 


97 


Radio Emission of the “Quiet” Sun [Ch. I 


The frequency spectrum of the “quiet” Sun’s radio emission, which is 
characterized by the dependence of the effective temperature T,go on the 
wavelength 4, varies within wide limits—from temperatures close to the 
temperature of the photosphere (6X 103 °K) at the beginning of the milli- 
metric band (A ~ 2-3 mm) to values of the order of the corona’s kinetic 
temperature (10° °K) at metric wavelengths. The function 7,,,(4) is not 
monotonic: it has a maximum at 4 ~ 4mm and a minimum at å ~ 6mm; 
then Tro again reaches a maximum in the metric band, dropping appar- 
ently with the transition to the decametric wavelengths. 

The size of the radio sun at millimetric wavelengths is close to the size of 
the optical disk (being slightly larger than the latter); as the wavelength 
increases the extent of the radio sun rises and in the metric band the bright- 
ness is still of noticeable magnitude at distances r ~ (1:5-3)R, from the 
centre of the disk. 

The width of the radio brightness distribution over the Sun’s disk is 
not the same for different directions in relation to the equator: as a rule 
it is greater in the equatorial direction than in the polar. This effect is 
found over the whole of the range studied, from 4 > 3 cm, particularly 
at decimetric and metric wavelengths. 

At metric wavelengths the radio brightness distribution is a monotonic 
curve decreasing gradually as one moves away from the centre of the disk. 
At wavelengths of A ~ 1-5m brightening appears towards the edge of the 
disk; it is most clearly seen in the decimetric band at A ~ 10-20 cm. Ona 
further increase in wavelength the degree of brightening once again drops. 
In the polar direction this brightening is less, as a rule, than in the equato- 
rial direction; to judge from the data available in the 10-20 cm range 
there is no rise in radio brightening in the polar regions at all. The position of 
the 7,4. maximum varies with the wavelength: at millimetric and centimetric 
wavelengths this maximum is at the limb but in the decimetric it is shifted 
towards the centre of the disk. 

At wavelengths of 2 ~ 1 cm as well as an increase in brightness at the 
limb there is a rise in Tg in the central part of the disk. 
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Results of Observations of the Sun’s 
Sporadic Radio Emission 





THE sporadic solar radio emission is one of the most complex of the phe- 
nomena included under the name of solar activity. The composition of the 
sporadic radio emission is extremely non-uniform: it is made up of several 
components differing in the magnitude of their intensity, the nature of the 
polarization, the directivity and frequency spectrum of the radio emission, 
features connecting them with other facets of solar activity, etc. 

An initial acquaintanceship with the nature of the time-dependence of 
the solar radio emission intensity can be acquired to a certain extent by 
dividing the sporadic component into enhanced level radiation, which has a 
characteristic duration of the order of hours, days and months, and bursts. 
with a “life” reckoned in minutes and seconds. 

It is also possible to divide the bursts up in greater detail into separate 
types in accordance with the nature of the dependence of the flux on 
time, S,(¢), if we take account of such features of the flux profile as the 
number of maxima, the “life” and the time the intensity takes to rise to the 
maximum value, the connection with other types of burst. This kind of 
classification of the sporadic radio emission is extensively used at present 
in the centimetric (and partly in the decimetric) waveband, where in the 
composition of the sporadic radio emission we distinguish the slowly vary- 
ing component (or S-component), type A bursts (simple bursts), type B 
bursts (post-bursts) and type C (gradual rise and fall) (Covington, 1951). 
When processing the results of observations in the International Geo- 
physical Year programme the classification of the sporadic radio emission 
was also extended to the metric wavelengths (Solnechnyye Dannyye, 1958 
and 1960); a similar classification is also given by Coutrez (1960) and 
by Dodson, Hedeman and Owren (1953). 

It should be noted, however, that the phenomenological separation of 
the sporadic radio emission into individual components in accordance 
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with their S,(t) profile is incomplete and in many cases does not define 
the other features of the radio emission (polarization, frequency spectrum, 
etc.). It is clear that the basis of the classification must be a description of 
the sporadic radio emission which will also include the other significant 
features of the radio emission with sufficient accuracy. At metric and partly 
at decimetric wavelengths a suitable characteristic is the so-called dynamic 
‘spectrum of the radio emission, i.e. the time dependence of the frequency 
spectrum. As will be shown in Chapter IX the form of the frequency 
‘spectrum and its behaviour in time provide important information on the 
generation mechanism of the radio emission. 

Wild and McCready (1950), who divided the bursts in the metric band 
into three types, started the classification of the sporadic radio emission 
by the nature of the dynamic spectra. Two further components—types IV 
and V radio emission—have now been added to the types I, II and III 
bursts. Together with the enhanced fadio emission due to sunspots these 
five components comprise the basic group of phenomena observed in the 
metric band.t 

We notice that the microwave radio emission of the “disturbed” Sun is 
not divided into its individual components in accordance with the nature 
of their dynamic spectrum at present largely because of a severe lack of 
-spectral observations in this range. On the other hand, it is quite possible 
that at centimetric wavelengths (and in the short-wave part of the deci- 
‘metric band) the dynamic spectrum as a whole is not a decisive character- 
istic for identifying the observed radio emission as it is at metric wave- 
lengths. This is because the dynamic spectrum of the microwave radio 
-emission does not have the richness and variety of details that distinguish 
it at the longer wavelengths. 

The present chapter discusses the features of all the known components 
-of the sporadic solar radio emission (sections 10-16) and the connection 
between these components and different kinds of geophysical phenomena 
(section 17). The information given is recapitulated at the end of section 
17 and we give a general picture of the phenomenon of sporadic radio 
emission when a centre of activity appears on the Sun. 


t Enhanced radio emission accompanied by type I bursts is called a “noise storm”; 
type II bursts are often spoken of as “outbursts”. 
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10. The Slowly Varying Component 


GENERAL CHARACTERISTICS, CORRELATION OF THE RADIO EMISSION FLUX 
WITH SUNSPOTS 


On a recording of the flux of the Sun’s radio emission the slowly varying 
component looks like smooth rises in the magnitude of the signal received 
above the emission level of the “quiet” Sun with a characteristic duration 
of the order of tens of days (Coutrez, 1960; Pawsey and Yabsley, 1949; 
Covington, 1948; Lehany and Yabsley, 1949). This component can be 
observed chiéfly in the range of wavelengths from 3 to 50 cm and occupies 
a broad spectrum of frequencies of the order of several gigacycles. In the 
middle of this range the rise in the overall radio emission flux due to the 
slow component is not as a rule more than thrice the level of the “quiet” 
Sun’s radio emission (Waldmeier and Miiller, 1950). The relative contribu- 
tion from the S-component outside the range 4 ~ 3-50 cm becomes very 
small, although it can be found at millimetric wavelengths where the rise 
in the flux is only fractions of a percent (Conway, 1956) and at the long- 
wave end of the decimetric band (Firor, 1959). We should mention that in 
the latter band of the spectrum observations of the S-component become far 
more complicated because of the masking action of the more intense en- 
hanced radio emission connected with sunspots; for slow variations in the 
radio emission at metric wavelengths see Boishot and Simon (1959). 

The time dependence of the S-component’s flux shows a clear perio- 
dicity with a characteristic time of 27 days, equal to the Sun’s period of 
rotation (Piddington and Minnett, 1951; Lehany and Yabsley, 1949). This 
indicates that the source of this component is not the Sun as a whole but 
individual local regions on its disk. 

The variations in the enhanced level at centimetric and decimetric 
wavelengths correlate well with the relative number of sunspots W (the 
Wolf number); the corresponding correlation coefficient goes up to 0-8. 
In relative units the radio emission flux S, at A = 10 cm is connected with 
W by the approximate relation (Waldmeier and Müller, 1950) 


So ~ 147-1073 W. (10.1) 


For example, for a group consisting of two spots W = 12 (see Kuiper, 
1953), and therefore the intensity of the radio emission connected with 
it is about one-tenth of the intensity of the “quiet” Sun’s emission. 

The intensity of the S-component also correlates closely with the total 
area occupied by spots on the Sun’s disk (Pawsey and Yabsley, 1959; 
Minnett and Labrum, 1950; Covington, 1948; Lehany and Yabsley, 1949). 
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Roughly speaking the intensity S, of the S-component is proportional to 
the visible area o of the spots, the coefficient of proportionality depending 
on wavelength (Pawsey and Yabsley, 1950). At the same time the correla- 
tion between T.ro and ø becomes worse when one moves into the metric 
band where the S-component gives way to enhanced radio emission; we 
shall speak about its features in section 12. 

In section 9 we said that in the decimetric band the best index of the 
radio emission when compared with the magnitude of o is the so-called 
“complex area of the spots” o.,.,,) which, as well as the area of the spots 
that can be seen on the disk o, contains the area of spots that have already 
decayed 1 or 2 months ago. The enhanced correlation coefficient between 
So and Ccomp indicates that radio emission continues from a centre of 
activity even after a group of spots has decayed. 

The first indications that the regions which have previously been oc- 
cupied by spots are sources of the slowly varying radio emission (as well 
as regions located near the spots) were obtained by Christiansen, Yabsley 
and Mills (1949) during the solar eclipse in November 1948 from the 
change in the radio emission flux while these regions were being covered 
and uncovered. The same conclusion was drawn from statistical analysis 
of lengthy measurements of the solar radio emission flux in the 10-cm 
band, according to which the emission flux is approximately proportional 
to the area of a spot in the first 15 days of its existence; when an active 
centre becomes older its emission does not decrease so rapidly as the area 
of the spot and remains after it has decayed (Vauquois, 1955 and 1959). 

A similar conclusion is also drawn by Christiansen, Warburton and 
Davies (1957) from the data of observations at A = 21 cm. A comparison 
made of the life of the radio emission sources studied and the life of sun- 
spots showed that 2 months after the radio emission flux and the area of a 
group of spots reach a maximum the flux of the slowly varying radio 
emission is one-sixth of its greatest value, whilst the area of the spots is 
only about one-thirtieth. Therefore near the maximum there is a high 
correlation between the intensity of the radio emission and the area of the 
spots, whilst later the correlation deteriorates. Since, however, the radio 
emission from strong sources is generally dominant in the total flux of the 
slowly varying radio emission the degree of correlation between it and the 
area of the spots that can be seen on the disk remains quite high. 


POSITION, FORM AND SIZE OF LOCAL SOURCES 


Extensive observations were later made to study the connection of photo- 
spheric, chromospheric and coronal formations with local sources of radio 
emission and also to investigate the position, form and effective tempera- 
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ture of the sources of the S-component; these observations made it pos- 
sible to obtain one-dimensional and two-dimensional distributions of the 
radio brightness over the disk of the “perturbed” Sun.t Typical examples 
of one-dimensional distributions of the radio brightness over the Sun’s 
disk at centimetric, decimetric and metric wavelengths are shown in Figs. 
24 and 25 (see also Fig. 12). At 4 = 3-2 cm the distribution was obtained 
with an aerial having a “knife-edge” beam about 1’ wide. At the other 
wavelengths the observations were made with multi-element interfero- 





Fic. 24. One-dimensional distribution of radio brightness over the Sun’s 
disk at A = 3-2 cm; the figure also shows the positions of sunspots on the 
disk during the observations (Ikhsanova, 1960a) 


meters; their beams were series of widely separated lobes 3-5’ wide. In this 
connection we must stress that the nature of the observed radio brightness 
distribution is sharply dependent on the resolution of the receiving aerials 
because of the averaging of T, over the beam (Covington, 1959). 

Fuller data on the nature of the local sources of the S-component can 
be obtained if we have two-dimensional distributions of the radio bright- 
ness over the Sun’s disk. Maps of the “disturbed” Sun’s radio isophots of 
this kind have been made by Christiansen, Mathewson and Pawsey (1957), 
Christiansen et al. (1958, 1959, 1960) at 2 = 21 cm and by Swarup (1960, 
1961a, 1961b) at A = 9-4 cm with aerials of the “Mills Cross” type having 


+ Covington and Broten (1954); Christiansen and Mathewson (1958); Coates (1958a, 
1958b and 1960); Christiansen, Warburton and Davies (1957); Firor (1959); Boishot 
and Simon (1959); Kislyakov and Salomonovich (1963); Salomonovich (1962a); 
Swarup and Parthasarathy (1958); Ikhsanova (1959); Hatanaka et al. (1956); Hatanaka 
(1957a); Christiansen et al. (1960); Christiansen, Mathewson and Pawsey (1957); 
Christiansen and Mathewson (1959); Vitkevich er al. (1958 and 1959); Swarup (1960). 
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a resolution of about 3’, and also by Vitkevich et al., 1958 and 1959) at 
wavelengths of 10 cm and 3-2 cm by successive scanning of the Sun with a 
parabolic aerial with respective beam widths of 15’ and 6’. Some of these 
radio pictures of the Sun are shown in Fig. 26 (see also Figs. 31 and 32) 
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Fic. 25. One-dimensional distributions of the radio brightness over the disk 
of the Sun taken 3 December 1957 (Christiansen et al., 1960) 


On comparing the one-dimensional distributions over the disk of the 
“disturbed” Sun in Fig. 25 we see that the nature of the local sources 
changes sharply with the transition from wavelengths of 7:5-21 cm into 
the metric band where the radio emission connected with these sources 
generally has all the signs that are characteristic of a noise storm. At the 
intermediate wavelengths (A = 88 cm) the radio emission (particularly 
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on 2 December) was also a typical noise storm, whilst at the shorter 
wavelengths the observed intensity varied only a little during the observa- 
tions and the radio brightness distribution contours become smoother. 
It is true that in the long-wave part of the decimetric band sharp 





Fic. 26. Observations of the Sun on 11 November 1957: (a) radio isophots at 

A = 21 cm (values of effective temperature in units of 7-5 10* °K); (b) dis- 

tribution of plages and position of groups of spots on disk; (c) magnetogram 

of Sun (contours correspond to 1,10 and 30 oe; southern polarity is shown by 

dotted lines, northern by solid lines). The lines of dashes and dots in the 

figures show the Ten = 2:2 10° °K contours (Christiansen and Mathewson, 
1959) 


changes in intensity are not always observed; frequently the radio 
brightness distribution in this range is more like the distribution in the 
shorter wave (A ~ 3-30 cm) range, where the S-component plays a major 
role. The general picture of the phenomena in the transition region between 
the decimetric and metric wavelengths is such that here (depending on the 
actual physical conditions in the region generating the radio emission) 
either the S-component is predominant or enhanced radio emission. 
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occurs, accompanied by intense bursts (Firor, 1959; Swarup and Par- 
thasarathy, 1958). 

Dodson (1954), when comparing the spectroheliograms in the K-line 
of twice ionized calcium with the one-dimensional radio brightness 
distributions of Covington and Broten (1954), came to the conclusion 
that the S-component at a wavelength of à = 10 cm is very closely connect- 
ed with the plages whose intensity in the K-line is almost 1-5 times higher 
than the corresponding intensity of the quiet Sun (i.e. with flocculi). The 
connection of the local sources with chromospheric and photospheric 





Fic. 27. Comparison of the form and size of a local source of radio emission 

at A = 21 cm at half level of the maximum value of Te (solid line), contour 

of magnetic field with strength of 5 gauss (dotted line) and of plage (hatched) 
(Christiansen et al., 1960) 


formations that can be seen in white light in the H, and K Ca II lines was 
then studied in detail by other observers (Christiansen et al., 1960; 
Christiansen and Mathewson, 1959; Vitkevich and Mathewson, 1959). 

It turned out that in the decimetric band the position of the local 
sources of the slowly changing radio emission on the Sun’s disk is close to 
the position of bright plages and local magnetic fields which inevitably 
accompany the appearance of each source of radio emission. The form 
and size of the radio regions coincide to a considerable extent with the 
form and size of the plages, repeating moreover common contour lines of 
equal strength of the local magnetic fields in the photosphere. This is 
illustrated in Fig. 26, which shows the radio isophots at 2 = 21 cm, a 
magnetogram and map of the Sun on which are shown the outlines of the 
plages and the position of the groups of spots. The close agreement 
between the lines of equal radio emission intensity, identical magnetic 
field strength and the limits of the plage in the H, line for one of the 
centres of activity can also be clearly seen in Fig. 27. 
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The life of the local sources in the decimetric band is of the order of 
the duration of the existence of the plages and flocculi (on the average 
about 3 months). During this time a source has its own motion, changes 
in form and size but always remains connected with the same centre of 
activity (Christiansen and Mathewson, 1959). 

The close connection of the local sources of radio emission with the 
plages that appear one or two days before the appearance of spots on 
them and are longer-lived formations than the spots explains the features. 
noted above in the correlation of the S-component at A 2 10 cm with the 
groups of spots, namely the increase in the correlation coefficient when 
we change from the area of the spots that can be seen on the disk to the 
“complex area”, which includes spots that have already decayed as well. 

According to Krishnan and Labrum (1961), Christiansen and Mathewson. 
(1959) the radio brightness distribution at 2 = 20 cm over the local 
source is very close to the distribution of the brightness of flocculi in the 
K-line of Ca II. This means that the effective size of the local sources at. 
decimetric wavelengths is also close to the corresponding size of the: 
flocculi. The typical extent of the local sources is about 5’ (i.e. about 
2-5 105 km) although both smaller and larger sources are found: 3-10" 
(Christiansen and Mathewson, 1959; see also Christiansen, Warburton. 
and Davies, 1957; Christiansen, Yabsley and Mills, 1949; Swarup and 
Parthasarathy, 1958). 

For intense local sources in the decimetric band a typical emission 
temperature is T., œ~ 10®°-2X10® °K (Christiansen, Warburton and 
Davies, 1959) although at wavelengths of A 2 50 cm regions are found 
with a slightly higher temperature (Christiansen, Yabsley and Mills, 1949; 
Boishot and Simon, 1959; Swarup and Parthasarathy, 1958). According. 
to the data given by Christiansen et al. (1960), Christiansen and Mathew- 
son (1959) at 2 = 21 cm T,, in the brightest part of the source varies. 
from small values to 1-5 10° °K, the latter value playing the part of the 
upper limit for T,,: greater brightness temperatures are generally not 
found; on the average T., ~ 0-6 108 °K. Therefore the observed values. 
of Tg are close to the generally accepted value of the corona’s kinetic: 
temperature (10® °K) or slightly higher than the latter. 

Unlike the decimetric band, at centimetric wavelengths the local sources 
of radio emission are more closely connected with the spots than with the 
flocculi (Ikhsanova, 1960a; Ikhsanova, 1959; Vitkevich et al., 1959; 
Korol’kov and Soboleva, 1957; Molchanov et al., 1959; Korol’kov, Sobo- 
leva and Gelfreich, 1960; Gelfreich et al., 1959; Korol’kov and Soboleva, 
1961; Ikhsanova, 1960b; Khaikin, 1960). Each group of spots larger than 
50-100 millionths of the solar hemisphere has above it a region from which 
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the S-component of the radio emission comes (see Fig. 24).t The flux of 
this radio emission rises as the area of the spots increases; the life of a 
local source with an accuracy up to days is the same as that for the group 
of spots connected with it. 

The following is known about the size and distribution of the radio 
brightness over the sources in the centimetric band. At wavelengths of 
A ~ 8-10 cm the size of the source and the value of the effective tempera- 
ture hardly differ at all from those given above for 21 cm, although some- 
times values of T.y > 310° °K are found (Swarup, 196la and 1961b; 
Hatanaka et al., 1956; Khaikin, 1960; Kakinuma, 1956). A comparison 
of radio pictures of the Sun at 2 = 21 cm and 3-2 cm also reveals quite 
‘close agreement between the radio isophots (Vitkevich and Mathewson, 
1959). From this we could conclude that the sizes of the local sources at 
these wavelengths are close to each other. However, the considerable 
width of the aerial beams in the observations (Vitkevich and Mathewson, 
1959; Salomonovich, 1962b; Vitkevich et al., 1958 and 1959) (about 6’) 
made it impossible to reveal the fine structure in the radio brightness 
distribution over a local source at centimetric wavelengths. This structure 
has been studied by means of eclipse observations and measurements 
by means of aerials with high resolution (Ikhsanova, 1960a; Korol’kov, 
Soboleva and Gelfreich, 1960; Gelfreich et al., 1959; Korol’kov and 
Soboleva, 1961; Ikhsanova, 1960b; Khaikin, 1960; Kundu, 1959a, 1958 
and 1959b). 

Kundu’s observations (Kundu, 1958, 1959a and 1959b) on an inter- 
ferometer with a variable baseline (A ~ 3 cm) showed that the radio 
brightness distributions shown in Fig. 28 are typical for local sources of 
the S-component. It can be seen from the figure that a local source is 
usually a bright region about 1-5’ in diameter with an effective temperature 
of Tog ~ 5X 105 °K, sometimes surrounded by a weak halo—an extensive 
source whose diameter reaches 10’ and whose effective temperature 
reaches 105°K.+ We note that Figs. 28b and c show radio brightness 
distributions for the same local source as Fig. 28a taken 3 and 8 days 
respectively after the first. In this time the bright region remains almost 

+ At the same time a comparison of the coordinates of the prominences with the 
position of the local sources of radio emission on the Sun’s disk (A ~ 3 cm: Ikhsanova, 
1960a; Vitkevich et al., 1959) did not reveal the connection between them indicated 
earlier (Troitskii et al., 1956). 

t Certain indications of this kind of radio brightness distribution over a local source 
have been obtained in Hatanaka ef al. (1956); Hatanaka (1957a) from an analysis of 
interferometer and eclipse observations at A ~ 8 cm (see also Tanaka and Kakinuma, 
1958 and 1959). Salomonovich’s investigations (Salomonovich, 1962b) with narrow- 


beam aerials indicate that in the millimetric band certain local sources also have a 
halo surrounding a bright region of small angular size (of the order of 1-2’). 
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constant, whilst the halo displays noticeable variations in diameter and 
effective temperature: the value of T, is reduced by a factor of more 
than 3 and the size of the course increases from 6’ to 9’, then decreases 
again to 5’. 

Close results were obtained from eclipse observations and measurements 
of the radio brightness distribution with an aerial having a “knife-edge” 
beam up to 1’ wide made by the Pulkovo group of radio astronomers.t 


Ge) 





Fic. 28. One-dimensional distributions of radio brightness over local sources 
at A = 3 cm (Kundu, 1959b) (0 in angular minutes) 


According to the data they obtained the size of S-component sources at 
4 ~ 2-5 cm is not greater than the diameters of the spots with which the 
emission is connected and varies between values of about 1-3’ (see Fig. 24). 
If the visible size of the spots is less than 1’ the diameters of the emitting 
regions are not noticeably greater than this value. The effective temperature 
of these regions sometimes reaches 10° °K (A ~ 3 cm) and is generally 
within the limits (1-8) X 105 °K. In the regions above the flocculi surround- 
ing the spots 7,, does not exceed (3-5) 104 °K according to the data 
in Khaikin (1960). 


t Ikhsanova (1960a); Ikhsanova (1959); Korol’kov, Soboleva and Gelfreich (1960); 
Gelfreich et al., (1959); Korol’kov and Soboleva (1961); Ikhsanova (1960b); Khaikin 
(1960). See also Troitskii et al. (1956); Molchanov et al. (1959); Edelson, Grant and 
Corbett (1960). 
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Therefore the range of wavelengths around 10 cm is one of transition 
from the distribution with a halo to the more or less even distribution of 
Tyg over the source. In this range, therefore, depending on the actual 
conditions in the generation region a distribution of either one type or 
the other is realized (cf. Swarup, 1961a and 1961b; Khaikin, 1960). 


RADIO-EMISSION FREQUENCY SPECTRUM 


The frequency spectrum of the radio emission (the frequency dependence 
of the intensity J or the effective temperature 7,,,) is of importance in the 
theory of the S-component. Orders of magnitude of T,, for different local 
sources have been given above when discussing the results of measuring 
the effective sizes of emitting regions and the distribution of the radio 
brightness over the sources. This information is insufficient, however, for 
getting an idea about the S-component’s frequency spectrum: reliable 
data on the frequency spectrum can obviously be obtained only as a result 
of simultaneous observations over a wide range of frequencies with narrow- 
beam aerial arrays. The requirements imposed on the aerials here are 
very rigid: since the characteristic size of local sources in the decimetric 
band is about 5’, and at centimetric wavelengths about 1-2’, it is 
clear that the width of the beams should be less than these values or at 
most comparable with them. In the first case from the value of the aerial 
temperature Tą we can judge the detailed distribution of T,, over the 
source, in the second we shall be able to estimate the effective size of the 
source Q ource and the value of the effective temperature averaged over 
the source Tẹ (see section 5). 

The absence at present of a large enough number of narrow-beam aerial 
arrays, particularly in the centimetric band where only the Pulkovo radio 
telescope has a resolution of up to 1’, obliges us when investigating the 
frequency spectra of the S-component to turn to eclipse observations 
which provide high resolution with small aerials. Observations of this 
kind were carried out during the solar eclipses of 19 April 1958 and 15 
February 1961 (see Molchanov and Korol’kov, 1961; Gol’nev etal., 1961; 
Veisig and Borovik, 1961; Dravskikh and Dravskikh, 1961; Molchanov 
and Peterova, 1961; Kuznetsova, et al. 1961); the results obtained were 
collated by Molchanov (196la, 1961b and 1962) and are shown in Fig. 29 
in the form of a function of the wavelength 2 of the overall radio emission 
flux from a local source S,, (apart from the emission flux of the “quiet” Sun 
from the same region). The function S,(A) in Fig. 29a is for a source locat- 
ed in the central part of the disk above a fairly large group of spots with an 
area of about 107° of the Sun’s hemisphere, with a magnetic field 
Hy, ~ 2500 oe. The graph of S,(A) in Fig. 29b relates to a local region on the 
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limb connected with a small group of spots (area about 4X 10-74 of the 
Sun’s hemisphere, magnetic field strength 2200 oe). In addition Fig. 29 
shows the function S,,(A) for a source located above flocculi in the centre 
of the disk. 

It can be seen from the figures that for local sources connected with 
spots the dependence of the total flux on the wavelength has a characteristic 
curve with maxima in the region of 4 ~ 5-8 cm; the quantity S, decreases 
both at the short- and long-wave ends.t For the source connected with 
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Fic. 29. Total radio emission flux from the bright part of local sources as a 

function of wavelength: (a) observations of 19 April 1958; (b) observations 

of 15 February 1961 (the line of dots and dashes indicates the spectrum of a 
local source located above a group of flocculi) (Molchanov, 1962) 


flocculi (among which there were no spots) the curve of S,(A) differs 
sharply from the one indicated: in the 3-21 cm range studied the value 
of the flux is comparatively small and does not depend on the wavelength.+ 

In order to recover the frequency spectrum of the sources T,,(A) or 


+ A similar function S,(A) was obtained considerably earlier by Piddington and 
Minnett (1951) on the basis of results from observations made by different researchers 
at different times. The existence of a maximum in the S-component’s frequency spectrum 
(at wavelengths of å ~ 10 cm) is also indicated by Tanaka and Kakinuma (1958), 
Tanaka (1964), Kakinuma and Swarup (1962a and 1962b) (see also Kriiger, Kriiger and 
Wallis, 1964), 

t Radio emission of flocculi at a period when they are free of spots has also been 
found at millimetric wavelengths (Kislyakov and Salomonovich, 1963; Salomonovich, 
1962b). 
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Kà) from the known function S,(A) we need to know the sizes of the sources 
at different wavelengths. If we consider (in accordance with the information 
available) that at decimetric wavelengths the area of the emitting regions 
is the same as the area of the flocculi accompanying them and in the centi- 
metric band is the same as the area of the spots and groups of spots? 
and does not change significantly with wavelength (within the limits of 
the bands in question) then the following conclusions can be drawn from 
the data given above. In the decimetric band 7, for large| sources reaches 
values of about 10° °K (or slightly higher) and they are of the same order 
of magnitude when the wavelength is reduced right down to 5-10 cm. 
In the centimetric band at wavelengths A < 5-10 cm the effective tempera- 
ture decreases together with the wavelength more rapidly than 42. This can 
easily be confirmed if we take into consideration that by definition (4.4) 
T. < I2: as the intensity J decreases with the rise in wavelength in the 
A > 5-10 cm region 7,, changes only slightly. On the other hand for 
the shorter wavelengths, where the intensity decreases, T,, drops more 
rapidly than A?. 

It must be stressed that the conclusion about the relative constancy of 
Tg at wavelengths of 4 > 5-10 cm and the sharp drop in I towards the 
short wavelengths at 4 < 5-10 cm is of fundamental importance in the 
theory of the S-component (see section 29). Simultaneous investigations 
of local sources over the widest possible range, including the millimetric 
band, with accurate measurement of the emitting regions are absolutely 
necessary to find out the degree of reliability of the latter conclusion. 

The data given on the spectra of the local sources relate only to wave- 
lengths from 3 cm upwards; no definite results were obtained at shorter 
wavelengths during the eclipse observations. Some information on the 
value of the T.¢ of local sources at millimetric wavelengths (4 = 4 mm 
and 8 mm) and on the results of comparing the values of Tẹ at wave- 
lengths of 8 mm and 3-2 cm is given by Kislyakov and Salomonovich 
(1963), Salomonovich (1962b) (see also Tolbert and Straiton, 1961; Coates, 
1958a and 1958b; Hagen, 1951). For two sources studied (whose size was 
close to the size of the groups of spots connected with them —1-5-2-0’) 
the values of Tẹ were about 1:-5X 10° °K and 4X 10% °K respectively at 
A = 4 mm and 8 mm. However, the low accuracy of the determination 
of the effective temperatures (up to 40%) made it impossible to draw reli- 
able enough conclusions about the law of the change of 7, in the milli- 
metric band. 

The comparison made by Salomonovich (1962b) of the radio emission 
fluxes for local sources at wavelengths of 8 mm and 3-2 cm reveals consider- 

t The local sources whose spectra are shown in Fig. 29 had no noticeable haloes. 
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able scatter in the values, although on the average the ratio of the fluxes 
at these wavelengths is close to unity. The fluxes compared here relate 
to the source as a whole including the halo. The insufficient directivity 
of the aerials in these experiments made it impossible to determine the 
exact sizes of the local sources at A = 3-2 cm. Therefore the nature of the 
change in Tg in the transition from the centimetric band to the millimetric 
still remains unknown. 

It is possible that the spectrum of T,, (A) is not the same for the bright. 
part of a source and the halo; for the latter it is probably close to the 
spectrum of local sources above flocculi which are free of spots. 


DIRECTIONAL PROPERTIES AND POLARIZATION 

At centimetric and decimetric wavelengths the S-component does not. 
display highly directional features. This is clear from the circumstance 
mentioned above, according to which the radio emission appears earlier 
than a visible spot shows itself from behind the edge of the disk and 
disappears after the spot ceases to be visible because of the Sun’s rota- 
tion. 

We generally base ourselves when determining the S-component’s. 
angular spectrum on the daily values of the radio emission flux S, and the 
angle © between the Sun’s radius passing through the source in the direction 
of the Earth. If the angular spectrum of the local source stays constant as 
one moves over the Sun’s disk the observed dependence of S,, on © would 
directly characterize the polar diagram of the radio emission. The quantity 
Sp, however, depends not only on the position on the disk © but also on 
such source parameters as its age t, the area o of the spots or flocculi 
connected with it,‘and other parameters. It is clear from this that in obser- 
vations from the Earth it is impossible to determine the function S,(A) 
with constant ¢, ø, ... for each local source separately, since in the process. 
of slowly moving over the disk not only the position of the source but also 
the values of t, o, ... change. In practice, therefore, it is reasonable to. 
speak only of a certain directional characteristic averaged over many: 
sources. 

Examples of polar diagrams f(@) are shown in Fig. 30. The function 
J(@) at 2 = 25 cm is obtained on the assumption that the flux is propor- 
tional to the area of the spots, the function {(Q) at 2 = 50 cm on the condi-. 
tion that the flux is proportional to the area of the flocculi. As can be seen 
from the figures there is very little difference between these curves. The polar 
diagram obtained by averaging the observed values of S„ at A = 21 cm 
for given @ over many local sources with all possible values of the para- 
meters o and ¢ is shown in Fig. 30b. 
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It can be seen from the figures that the flux of the emission from a local 
source varies as S,, oc cos O for values of © that are not too close to 90°. 
This dependence holds true over a wide range of wavelengths from 3 cm 
to 50 cm (Christiansen, Warburton and Davies, 1957; Vauquois, 1955 and 
1959; Christiansen et al., 1960; Christiansen and Mathewson, 1959; 
Gutmann and Steinberg, 1959; Kawabata, 1954; Waldmeier, 1953a and 
1953b; Kawabata, 1960a).t However, the flux S,, as a rule does not fall 
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Fic. 30. Averaged polar diagrams of local sources f(@): (a) 4 = 25 cm and 
A = 50 cm (Vauquois, 1955 and 1959); (b) A = 21 cm (Christiansen, War- 
burton and Davies, 1957) 


to zero when © = 90°; judging from Fig. 30 the flux values are then 
0-06-0:4 of its maximum value at the centre of the disk at A ~ 20-25 cm. 
According to the data of Swarup (196la and 1961b), Waldmeier (1953b) 
and Vauquois (1959b) in the 10 cm band the decrease in the flux on the 
limb is about 0:2. 


+ The nature of the directivity at shorter wavelengths is unknown unless we consider 
the remark in Salomonovich (1962b) that this effect is absent at 4 = 8-6 mm. On the 
other hand, in the band around 50 cm the function §,(@) may differ noticeably from 
that given in Fig. 30, dropping more steeply as © rises (Swarup and Parthasarathy, 1958; 
Machin and O’Brien, 1954; Miiller, 1956). At these wavelengths the effect of the en- 
hanced radio emission connected with sunspots, which has higher directivity (sec- 
tion 12), makes itself felt. 


114 


§ 10] The Slowly Varying Component 


The decrease in the total emission flux S, from a local source as it 
moves from the centre of the disk to the periphery is chiefly connected 
not with a decrease in the effective temperature T, but with a decrease 
in the angular size of the source in the direction from the centre of the 
disk to the limb (Christiansen and Mathewson, 1959). This obviously 
means that the extent of the S-component generation region in height 
is small in comparison with the size of this region along the solar surface. 

Observations made in the centimetric band (Christiansen et al., 1960; 
Korol’kov, Soboleva and Gelfreich, 1960; Gelfreich et al., 1959; Korol’- 
kov and Soboleva, 1961; Khaikin, 1960; Kundu, 1959a and 1959b; 
Tanaka and Kakinuma, 1958 and 1959; Covington, 1949) have shown that 
the S-component is partially polarized. The degree of circular polarization 
at A ~ 3-7:5 cm reaches 20-30% (Christiansen eż al., 1960; Korol’kov, 
Soboleva and Gelfreich, 1960; Korol’kov and Soboleva, 1961)—40% ac- 
cording to Kakinuma and Swarup (1962a and 1962b)—-and decreases as 
the wavelength rises: at A = 10 cm it is less than or of the order of 10% 
(Piddington and Minnett, 1951; Kakinuma and Swarup, 1962a and 1962b), 
and at a wavelength of 20 cm the share of the circularly polarized compo- 
nent in the emission is known not to exceed 2°% (Christiansen and Mathew- 
son, 1959). As the wavelength further increases the degree of polarization 
of the local sources once again increases (A = 50 cm (Vitkevich, 1956a)); 
however, it is apparently not connected with the S-component but is 
caused by enhanced radio emission whose effect becomes noticeable in 
this band. The degree of polarization apparently also decreases in the 
transition from the centimetric to the millimetric band. For example 
measurements (Amenitskii et al., 1958) at 2 = 8 mm did not show up 
any difference between the intensities of the clockwise and anticlockwise 
polarized components; from this we may conclude (allowing for the sensi- 
tivity of the apparatus) that the amount of polarized emission in the total 
radio emission flux from a local source does not exceed 10°%. 

The polarization of the S-component is generally circular; no noticeable 
ellipticity can be observed as a rule. Korol’kov, Soboleva and Gelfreich 
(1960) mention several cases, however, when in the emission connected 
with large spots located near the central meridian linear polarization may 
have been observed whose degree ọ, was several percent of the total solar 
radio emission flux. 

The results of eclipse observations made with aerials having a high 
resolution have made it possible to establish that the polarized emission 
owes its origin to a bright region of small angular size (of the order of 
1-1-5’), whilst the extensive source (halo) surrounding this region makes 
no noticeable contribution to the polarized emission (A = 3-8 cm (Kundu, 
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1959a and 1959b; Tanaka and Kakinuma, 1959 and 1958)). Observations 
by Korol’kov, Soboleva and Gelfreich (1960), Korol’kov and Soboleva 
(1961) at a wavelength of A ~ 3 cm have shown that the circularly polarized 
component comes from regions located above spots at an altitude of the 
order of 0-06 Ro from the photosphere; the size of the emitting region is 
of the order of the diameters of the spots and even of the order of the size 
of their nuclei. It was noted above that the effective diameter of the regions 
responsible for the total radio emission flux is the same as the sizes of 
spots and groups of spots, i.e. it is possibly slightly greater than the di- 
ameter of the sources of the polarized component, although it is not excluded 
that this conclusion is due to insufficient resolution obtained in the obser- 
vations of the total radio emission flux. 

It follows from a comparison of the direction of rotation of the polariza- 
tion vector and the magnetic field in the spots (at the level of the photo- 
sphere) that the sign of the polarization corresponds to an extraordinary 
wave. Since the emission from regions located above spots ina bipolar group 
has clockwise and anticlockwise polarization, the resultant polarization 
when receiving the radio emission from the centre of activity as a whole 
will depend upon the relative contribution from the spots to the flux of the 
polarized emission. When this contribution changes, and also because the 
radio emission passes through the region of the transverse magnetic field 
in the corona, we may expect a change in the sign of the rotation in the 
total emission of a bipolar group (see section 24). This effect has actually 
been observed in certain cases when the central solar meridian cuts the 
active region (Piddington and Minnett, 1951; Covington and Minnett, 
1949; Tanaka and Kakinuma, 1955). 

According to Korol’kov, Soboleva and Gelfreich (1960) there are indi- 
cations that the directional features of the polarized component are more 
sharply defined than those of the unpolarized component (A = 3cm); the 
polarized emission sometimes appears only if the local region is closer than 
45° in longitude to the central meridian. This phenomenon has not been 
studied in detail, however. 


ALTITUDE OF LOCAL SOURCES ABOVE THE PHOTOSPHERE. CONNECTION WITH 
OPTICAL FEATURES OF THE SOLAR CORONA 

In maps of the radio isophots (see Fig. 26) it can be clearly seen that the 
sources of the S-component often extend beyond the optical disk of the 
Sun. This obviously means that they are located at quite a considerable 
altitude above the photosphere. Since at A ~ 3 cm the angular size of a 
radio emission source is close to the size of the sunspots, this causes 
the radio emission to appear before the group of spots comes from 
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behind the Sun’s disk and to disappear after the group is hidden behind the 
disk because of the Sun’s rotation (Vitkevich, 1956a; Vauquois, 1955 and 
1959a; Ikhsanova, 1960a; Covington, 1954; Takakura, 1953). 

At A ~ 3 cm the interval between the appearance of a local source and 
a group of spots is about a day. This corresponds to an altitude of the 
order of 210° cm above the level of the photosphere (i.e. about 0-03R, 
where R, = 6:95X 101° cm—the optical radius of the Sun). This interval 
increases with the wavelength, reaching two or three days at A = 10.cm 
(Ikhsanova, 1960b). This dependence can be explained by the increase in 
the altitude of the local sources at longer wavelengths. It is possible, 
however, that the effect observed is caused chiefly by the extent of the 
sources increasing in heliographic longitude as the wavelength rises. 

We said above that in the decimetric band the centre of a source of 
emission located near the central meridian coincides with the correspond- 
ing plage in the decimetric band and with the nuclei of spots at centimetric 
wavelengths. The difference in the altitudes at which the local sources 
and the optical centres of activity are located leads to a difference in the 
rates of motion over the Sun’s disk; in addition the local sources lag 
behind the optical features connected with them right up to the moment 
they intersect the central meridian; after passing through the meridian 
the local sources are ahead of the spots and plages. 

From an analysis of the rate of movement and the size of the shift of 
the radio sources relative to the plages and groups of spots we can also 
estimate the altitude of the layers of the solar atmosphere which are 
responsible for the creation of the S-component. It turns out here that the 
sources of radio emission at wavelengths of 3-20 cm are located on an 
average at an altitude of the order of 0-06R, above the photosphere or 
less, with a considerable scatter about this value (from 0-03R, to 0-15R, 
at A ~ 20 cm) (Christiansen, Warburton and Davies, 1957; Ikhsanova, 
1960b; Christiansen 1960; Christiansen and Mathewson, 1959; Korol’kov, 
Soboleva and Gelfreich, 1960; Kaidanovskii, Molchanov and Peterova, 
1960). Therefore the layers in which the slowly varying radio emission is 
generated are located as a rule slightly above the 0:03R, level, which is 
often taken as the boundary between the chromosphere and the corona. The 
estimates do not reveal any tendency to a systematic variation with the 
wavelength. A study (Christiansen and Mathewson, 1959) of several 
sources undertaken to find the connection between the magnetic field 
strength and the altitude or “brightness” of the radio-emitting region did 
not lead to any definite results either. 

At the same time the altitude found by Edelson, Grant and Corbett 
(1960) from the displacement of six sources of radio emission relative to 
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the plages connected with them show a dependence on the wavelength, 
averaging 0-04R, and 0-06R, at A ~ 3-15 cm and 9-4 cm respectively. 
The presence of this dependence is at least not contradicted by the infor- 
mation given above on the lag of the optical centres relative to the appear- 
ance of the S-component when the active region comes from behind the 
edge of the disk. The increase in the altitude of the source together with 
the wavelength is also indicated by Kakinuma and Swarup (1962a and 
1962b), but they give lower estimates of the average altitudes at wavelengths 
of 3 and 10 cm (0-018R, and 0-03R, respectively). The latter altitude values 
are very favourable for the gyro resonance theory of the S-component 
developed in section 29. 

It should be stressed that the estimates available for the altitudes of the 
local sources are not particularly reliable. Extensive observations with 
careful statistical processing of the results obtained must be made before 
a final conclusion can be drawn on the existence and nature of the depend- 
ence of the altitude on wavelength, magnetic field strength and other 
parameters characterizing the centre of activity. 

Despite the fact that the local sources of the S-component are closely 
connected with spots and flocculi, measurements of source altitudes indi- 
cate that the generation regions, being located in the higher layers belong- 
ing to the inner corona, are not identical with these photospheric and 
chromospheric formations. From optical observations in continuous light 
and in the coronal lines we know that in the corona above the spots and 
flocculi there are regions of enhanced electron concentration which have a 
slightly higher kinetic temperature than the ambient medium (for further 
detail see section 2). The connection between the local sources of radio 





Fic. 31. Comparison of the Sun’s radio isophots at A = 21 cm with the 

polar diagram characterizing the intensity of the K-corona at a distance 

1-06Ro from the centre of the Sun’s disk. The aperture of the coronograph 
is shown by the circle in the left-hand figure (Newkirk, 1959) 
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Fic. 32. Radio isophots of the Sun at A = 21 cm (a) and isophots of the 

corona on the 5303 A line (b) (Waldmeier, 1959). The radio brightness 

contours are drawn at intervals of 105°K. The black areas in the right-hand 
figure are groups of spots; wavy lines—boundaries of plages 


emission and the features of the solar corona in the à = 5303 A line and 
in continuous light has been studied by various authors (Waldmeier and 
Müller, 1950; Christiansen, 1960; Waldmeier, 1959; Laffineur et al., 1954; 
Vitkevich and Sigal, 1956 and 1957; Newkirk, 1959). 

Some results of observations which permit comparison of the features 
of the coronal emission in the optical region and the radio-frequency band 
are shown in Figs. 31 and 32. It can be seen from the first figure that the 
radio brightness distribution at a wavelength of 21 cm above the Sun’s 
limb follows the variations in intensity of the K-corona’s glow along the 
line which is shown by dashes. We pointed out in section 1 that the K- 
component of the continuous spectrum is the result of scattering of the 
photospheric emission by free electrons in the corona. Since the intensity 
of the scattered light is proportional to the number of electrons nal along 
the line of sight, from what has been said the connection becomes clear 
between the effective temperature T., of the slowly varying radio emission 
at A = 20 cm and the electron concentration in the region where this emis- 
sion is generated. The second figure illustrates the presence of a general 
correspondence between the radio brightness distribution at à = 21 cm 
and the coronal isophots in the 5303 A line. 
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11. Microwave Bursts 


GENERAL CHARACTERISTICS. BASIC TYPES OF MICROWAVE BURSTS 
Despite the fact that the bursts in the centimetric band are less varied 

than at metric wavelengths much less is known about them. This is chiefly 

because the efforts of radio astronomers have been basically directed at 
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Fia. 33. Profiles of characteristic bursts of solar radio emission (A = 10 cm 
(Covington, 1959)) 


studying metric bursts where the Sun’s sporadic radio emission appears 
most brightly. Only in recent years has the importance of microwave 
bursts been recognized, particularly because of their connection with sud- 
den ionospheric disturbances, geomagnetic storms and cosmic ray varia- 
tions, bursts of gamma radiation, aurorae, etc. The limited nature of the 
information about this component of the solar radio emission is chiefly 
felt in the absence of spectrographic observations, which have become the 
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usual method of studying the sporadic radio emission at metric wavelengths. 
Only recently has this gap started to be filled. 

The reservation must be made that the term “microwave (centimetric) 
bursts” must not be taken literally: it only stresses the most characteristic 
Tange in which these events occur. They are, however, also observed at 
millimetric and decimetric wavelengths; in a number of cases they are 
closely connected with sporadic phenomena in the metric band. 

Profiles of typical microwave bursts are shown in Fig. 33. Although the 
bursts often appear in groups their component elements can apparently be 
discussed individually so that the grouping of the majority of centimetric 
bursts is not their characteristic sign. At rare periods of so-called “irregular 
activity” numerous relatively weak bursts of comparable intensity (Fig. 
33a) appear (for several hours). The bursts which have only one maximum 
make up the greater majority of all events (Covington, 1951). Only a tenth 
have a more complex structure—usually with two, or more rarely three 
or more, maxima (Covington, 1951). We notice that in the clearly defined 
twin bursts the individual components, which are separated by intervals 
of the order of a minute, frequently show very similar characteristics (dura- 
tion, intensity, size of the source of emission) (Kundu, 1959a). 

Following Covington (1951 and 1959) (see also Kundu and Haddock, 
1961; Dodson, Hedeman and Covington, 1954) we shall consider that the 
microwave bursts consist chiefly of elementary events of three types (A, B 
and C) which have the following features. 

Type A bursts (simple bursts; see Fig. 33b) have the nature of a pole 
being distinguished by a rapid rise in intensity to a maximum value and 
a slower falling away to the pre-burst level. The ratio of the time elapsing 
from the beginning of the burst to the maximum to the overall duration 
of the burst is 0-1-0-5 with a mean value of 0:25 (Covington, 1959). The 
duration of a burst is 1~5 min. 

Interference measurements have shown (Kundu and Haddock, 1961; 
Kundu, 1959a) that regions with a diameter of about 1’ are the source of 
weak type A bursts (with a radio emission flux less than 0-1 from the level 
of the “quiet” Sun); in the case of strong bursts the size of the genera- 
tion region increases slightly (to 1-6’). The corresponding effective radio 
emission temperature is of the order of 10° °K for weak bursts and of the 
order of 10?-10° °K for strong ones. The angular diameter of the source 
changes in the process of the development of the burst and reaches its 
minimum value at the time of the burst’s maximum phase. 

Type B bursts (post-bursts; see Fig. 33c) follow an individual simple 
burst or a group of such bursts. Their duration varies between a few min- 
utes to a few hours. The generation region is fairly large in size (more than 
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2-5-3’ in diameter); the effective temperature of the source of emission is 
from 10° to 10? °K (Kundu and Haddock, 1961). 

Type C bursts (gradual rise and fall; Fig. 33d) are distinguished by a 
slow rise in intensity to a maximum value and a slow fall to the preburst 
level. The ratio of the duration of the first period (from the beginning of 
the burst to its maximum phase) to the life of the burst averages 0-4 
(Covington, 1959). The duration of these bursts varies between 10 min- 
utes or so and several hours. The sources of the bursts are localized in 
regions of small diameter (less than 1’, on an average 0-8’) with an effective 
temperature of T,, < 10° °K (Kundu and Haddock, 1961; Kundu, 1959a). 














ty min 


Fic, 34. Intensity-duration diagram for bursts having one maximum (A = 10 
cm) (Covington, 1959). (Sw in relative units) 


Type A, A-B and C bursts may be superimposed on each other or exist 
separately. 

From the brief characteristics of microwave bursts given above it is 
clear that their most important feature, which allows us to draw fairly clear 
dividing lines between the basic types of burst, is (as well as the profile) 
the size of the radio-emission source. 

The difference between the simple bursts (type A) and the phenomena 
of gradual rise and fall (type C) is easy to see in the diagram in Fig. 34, 
where each dot characterizes the intensity and duration of an individual 
burst. The diagram shows the tendency to an increase in the duration of 
the bursts as their intensity rises. All the points divide clearly into two 
branches: the top branch corresponds to the stronger and shorter type A 
bursts and the bottom one to lengthy and weaker type C phenomena. The 
two branches merge in the region of moderate intensity and life values. 


122 


§ 11] Microwave Bursts 


The continuation of the arm corresponding to type C bursts in the in- 
tensity-duration diagram can obviously be the S-component which has 
much in common with the “gradual rise and fall” type of phenomena: 
close values of the effective temperature and position on the Sun’s disk, a 
similar profile in observations at a fixed frequency (with the exception of 
the time scale) and similar polarization. This allows us to assume (Coving- 
ton, 1959) that the type C bursts are the radio emission of short-lived 
coronal condensations, whilst the S-component is generated in regions of 
high density above centres of activity that last for a long time (for further 
detail see sections 29 and 30). 

Unlike the type A-B phenomena, when the level of radio emission 
remains enhanced for some time after a simple burst, sometimes following 
the burst a temporary decrease is observed in the radio emission flux when 
compared with the pre-burst level (Covington, 1959). An example of this 
kind of phenomenon, which is connected in all probability with some sort 
of absorption process in the path of the radio wave propagation, is shown 
in Fig. 33e. In addition, on the radio emission intensity recordings of about 
a third of all bursts we find (Covington, 1951) weak fluctuations with a 
period from 1 sec (the time constant of the apparatus in the observations) 
up to several minutes. These fluctuations do not significantly alter the 
profile of a burst, sometimes appearing only in the period of rise or fall of 
the radio emission or grouping in the region of the maximum; they can 
therefore be ignored in the classification of the bursts. 

The microwave outbursts, which have a very complex structure, are 
distinguished by a very high intensity of radio emission: the flux at the 
maximum of a burst at å = 3 cm is generally higher than 10-29 W m~? 
c/s~1. The intense bursts appear more rarely than the weaker ones, so the 
frequency of the appearance of bursts at centimetric wavelengths drops as 
the radio emission flux S,, rises approximately as S,°. The outbursts 
generally consist of type A surges, having several maxima of comparable 
intensity; a post-burst of type B follows these peaks as a rule. Sometimes 
the appearance of an outburst is preceded by the appearance of one of type 
A or C bursts called a precursor (see in this connection Dodson, Hedeman 
and Covington, 1954). After the precursor the intensity rapidly (in 1-3 
min) reaches its maximum value. The rapid rise and the short time during 
which the level of the radio emission is close to its maximum value indi- 
cates the pulse nature of the origin of the outbursts. On the other hand, the 
intensity during the fall after the burst decreases very slowly and reaches 
its normal level in a period varying between 10 min and several hours 
(Kundu and Haddock, 1961). 

The sizes of the regions where the outbursts are generated are, generally 


123 


The Sun’s Sporadic Radio Emission [Ch. IV 


speaking, characteristic of types A and B: at the time of maximum inten- 
sity (type A) the diameter remains between 1-5’ and 2’ (1-6’ on the average); 
after the maximum the size of the source increases to values of more than 
3’ which is due to a transition to type B emission. Sometimes, however, 
complex bursts appear, the size of whose generation region does not alter 
despite sharp variations in intensity. The effective temperature of the 
outbursts is generally higher than 10’ °K and may reach 10° °K at A ~ 10 
cm (Kundu and Haddock, 1961; Mullaly and Krishnan, 1963; Kundu, 
1959a). 

Sometimes the duration of the outbursts is very short (about 2-3 min 
in the 3-cm band); their intensity rises unusually rapidly to its maximum 
value, so the type A pulse period lasts for about a minute. The type B 
burst is either completely absent or is considerably shorter than in the case 
of ordinary outbursts. The rare short outbursts are generated by sources 
of a considerable size (more than 2-5’), whilst the angular diameter of 
ordinary outbursts is not more than 2-5’. The effective temperature of the 
rare short outbursts is of the same order as for the other outbursts. 

The event of 20 March 1958 (Kundu and Haddock, 1961; Denisse, 
1959b) can serve as an example of bursts of the type under discussion. The 
burst was exceptionally short: its intensity reached a maximum value in a 
time of less than 1 sec and then began to decrease exponentially with an 
attenuation constant of about 20sec. The burst of radio emission was ac- 
companied by a pulse of gamma-radiation. This indicates a very close 
connection between the phenomena under discussion.t The diameter of the 
radio emission source was very great (~ 5’ at A = 3 cm and ~ 10’ at 
A = 10 cm). Since a source of such size appeared in a time of about 1 sec 
its appearance is connected with motions whose velocity is comparable 
with the velocity of light. The burst in question was one of the very strong- 
est; the frequency spectrum was distinguished by a rapid decrease in in- 
tensity at the long-wave end: whilst at A = 3 cm the emission flux exceeded 
9X 10-29 W m-2c/s~1, and at A = 10 cm it exceeded 3-5X 107% Wm? 
c/s71, at A = 21 cm the flux was less than 2-5 X 10771 W m“?c/s~! and 
at A 2 60 cm the outburst was not found at all. 

It must be stressed that the essential difference between the ordinary and 
the short outbursts is their duration and the size of the sources. In addition 
the former occupy a broad frequency spectrum right up to metric wave- 
lengths, whilst the spectrum of the latter is quite sharply limited to the 
low-frequencies. 


t See section 17 for the connection between microwave outbursts and hard radiation 
and gamma-radiation in particular. 
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FREQUENCY SPECTRUM OF BURSTS 


Figure 35 shows the first dynamic spectrum of an outburst obtained on 
a radio spectrograph in the 7-5-15 cm band (Kundu and Haddock, 1961). 
The same figure shows the recording of the burst’s intensity while observing 
at a wavelength of 10-7 cm and the dynamic spectrum of type IIT bursts 
which occurred at the same time at metric wavelengths. The microwave 
outburst consisted of an intense type A pulse on which was superimposed 
another peak of low intensity. It was followed by a type B burst, during 
which one more type A simple burst appeared. The spectrum of the type B 
radio emission cannot be seen in the figure because of its low intensity; 
the spectrum of the type A burst indicates that this emission occupies a 
broad spectrum of frequencies. Type III bursts at metric wavelengths 
appeared at the time of the maximum phase of the microwave outburst; 
however, the nature of the dynamic spectra and the duration of these bursts 
are completely different. It is clear, therefore, that the type III bursts are 
not a simple continuation of the spectrum of the microwave outbursts into 
the metric waveband. The connection of the microwave outbursts with 
sporadic phenomena at metric wavelengths will be discussed in greater 
detail in sections 15 and 16. 

Interesting data on the frequency spectrum of bursts of radio emission 
have been obtained by Hachenberg and Wallis (1960), Hachenberg (1960) 
at seven fixed frequencies in the 1-25-60 cm range. Ten bursts of different 
types according to Covington’s classification were chosen from a large 
number of events that had been observed for the analysis. It turned out 
that the continuous spectrum of the microwave outbursts starts from about 
30-60 cm, although in the case of large bursts the spectrum sometimes also 
includes the metric band.t The rise in intensity with the decrease in wave- 
length for the majority of events investigated by Hachenberg and Wallis 
(1960) can be described by the relation S, ~ 272. However, bursts with 
both steeper and shallower spectra than a quadratic one have been ob- 
served. Starting at 3-15 cm the rise in the intensity of the radio emission 
noted above often (but not always) changes by an interval in which the in- 
tensity is in practice independent of the frequency right up to the short- 
wave limit of the band under study (up to A = 1-25 cm). An example of a 
burst having a spectrum of this kind is shown in Fig. 36. 

In certain cases the impression is created that on the radio emission 


+ The solar activity in the metric band generally speaking differs considerably from 
that observed at shorter wavelengths. According to Takakura (1959) the features of the 
bursts change in the 50-100 cm transition region. In this range the averaged frequency 
spectrum has a minimum: the radio emission intensity rises both at metric wavelengths 
and with the transition into the centimetric band. 
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Fic. 36. Profiles (a) and frequency spectrum (b) of the burst of radio emis- 

sion of 18 April 1959: 1—at the time of the maximum (11" 40™); 2—at 

the time of the minimum (112 41-6"); 3—at the time of the maximum 

(11" 43-3"); 4—during the post-burst decay (112 45™) (Hachenberg and 
Wallis, 1960) 


with a spectrum of the type shown in Fig. 36 there is superimposed broad- 
band emission with a clearly defined maximum of spectral intensity located 
at frequencies where the rise in emission alternates with a region of con- 
stant energy (Fig. 37). Sometimes the presence of the maximum of this 
broad-band emission affects the frequency spectrum in the interval where 
the intensity rises with the frequency. 


























Sz, rel. units 























2 345 1 23 
I, McA 


OA ee ee ee ee ee ee ee S S N} 
100 543 2 10 543 2 1 
“w A, cm 


10° 























Fic. 37. The same as in Fig. 36 for the burst of 9 June 1959: 1 —at the time 
of the maximum (172 40"); 2—at the time of attenuation (17* 507) 
(Hachenberg and Wallis, 1960) 
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It should be noted that the types of spectrum given do not always 
belong to different bursts: the nature of the frequency spectrum in the 
process of development of a complex burst may change. Unfortunately it 
is still not clear whether the features noted are simply variations of the 
frequency spectrum of a single sporadic phenomenon or whether we are 
dealing here with two different (although closely connected) forms of ac- 
tivity. The arbitrary position of the intensity maximum on the frequency 
scale in relation to a spectrum of the type in Fig. 36, and the appearance 
and disappearance of the maximum during the existence of certain com- 
plex bursts (with a fairly stable spectrum as a whole) are some argument 
in favour of the latter assumption. 

In observations at three frequencies close to à ~ 3 cm separated from 
each other by 500 or 170 Mc/s (Dravskikh, 1960a, 1960b) it turned out that 
during the development process of the majority of bursts the slope of the 
spectrum changes considerably. On the other hand, in measurements of the 
intensity of bursts in the 10-cm band at two frequencies 150 Mc/s apart no 
significant differences were found (Covington, 1958) in the form of the 
bursts and only in some cases were different intensities observed at the 
two wavelengths. The different results at 3 and 10 cm possibly reflect the 
actual differences in the nature of the frequency spectrum of the bursts 
at these wavelengths. It is not excluded, however, that the data of Coving- 
ton (1958) can be explained by the lower accuracy of the method used for 
comparing the intensities at the different frequencies. 

In the case when in the observations at the three frequencies in the 3 
cm band the central frequency was 9850 Mc/s (i.e. corresponded to the 
A = 3-04 cm line connected with the transition between the fine structure 
levels of neutral hydrogen) Dravskikh (1960a) sometimes noticed both 
rises and falls in intensity at the central frequency when compared with 
the values at the side frequencies. The difference between these intensities 
as they varied during the development of the bursts at times was as much as 
10%. At the same time, this effect was not noticed in the case when the 
central frequency differed from the line frequency by 1000 Mc/s or in the 
observations outside the bursts. The results given seem to indicate the 
existence of a hydrogen line in the spectrum of bursts of solar radio 
emission. More systematic observations must be made in this band, 
however; only after observations of this kind can the question of the 
existence of the hydrogen A = 3-04 cm radio line in the Sun’s spectrum 
be finally solved. 

Investigations at a number of fixed frequencies (Hachenberg, 1960) also 
permit definite conclusions to be drawn about the features of the dynamic 
spectra of microwave outbursts. Simple bursts or individual maxima in 
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complex bursts whose frequency spectrum has an interval where the 
intensity is not frequency-dependent also preserve this feature during the 
decay of the bursts. If at the period of the maximum phase of the burst the 
frequency spectrum rises steadily with the increase in frequency, during 
the decay the spectrum becomes flatter (right up to the appearance in the 
short-wave part of the spectrum of the region where the intensity is not 
frequency-dependent). A burst whose spectrum has a maximum loses this 
feature in the decay period. 

‘Above we have been speaking about the frequency spectrum of micro- 
wave bursts at centimetric and partly at decimetric wavelengths. In the 
millimetric band the study of bursts is still only just starting; the number of 
events observed here is literally one. Bursts at å < 1 cm are recorded more 
rarely and their intensity is generally lower than at the longer wavelengths 
(Coates, 1960; Edelson and Grant, 1960; Edelson et al., Coates, 1960; 
Hagen and Hepburn, 1952). 

The study of two bursts at a wavelength of 8 mm with “pencil-beam” 
aerials (beam width about 2’) permitted Salomonovich not only to measure 
the total radio emission flux but also to estimate the sizes of the sources 
(Salomonovich, 1960). It turned out that the extent of the generation region 
of one burst was apparently not more than 1’ and of the other was about 
1-5’. The values of the radio emission flux correspond (allowing for the 
sizes given) to an effective temperature of about 5X 105 and 10° °K. 


POLARIZATION OF RADIO EMISSION 


Some of the first observations during which polarization of microwave 
bursts was discovered were made by Covington (1951). According to data 
at å = 3 cm (Kundu, 1959a) the emission of two-thirds of all bursts 
studied are partially circularly or elliptically polarized. The degree of 
polarization varies from a few. percent to 30% and only in exceptional 
cases is as much as 50%. Sometimes even quasilinear polarization was 
noted; in another series of observations (Tanaka and Kakinuma, 1959), 
however, at 2 = 8 cm with a polarimeter whose band was 10 Mc/s linear 
polarization was not found in a single burst among more than a hundred 
bursts studied. 

The nature of the polarization of type B bursts is similar to the nature 
of the polarization of the preceding simple bursts. In the majority of 
cases type C bursts are partially circularly polarized similarly to the 
S-component (Kundu and Haddock, 1961). 

The polarization of outbursts is typical for types A and B events (Coving- 
ton, 1951a). A study of the radio brightness distribution over the sources 
of outbursts has shown (Kundu and Haddock, 1961; Kundu, 1959a) that 
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the generation area consists of two regions: a comparatively small sector 
with a low intensity and a long life responsible for the creation of polar- 
ized emission, and an extensive region with a high, strongly varying intensity 
and a short life which makes no noticeable contribution to the polarized 
part of the radio emission of the outburst. 
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Fic. 38, Radio emission flux and degree of polarization of burst of 15 July 
1957 at different frequencies (Tanaka and Kakinuma, 1959) 


The simultaneous measurements of circular polarization at four wave- 
lengths (3-2, 8, 15 and 30 cm) made by Tanaka and Kakinuma (1959) and 
Kakinuma (1958) showed that the number of polarized bursts is over 90%. 
At the wavelengths of 15 and 30 cm polarized bursts appear comparatively 
rarely but even at the shorter wavelengths the degree of circular polariza- 
tion generally does not exceed 40%. In 70% of polarized bursts the magni- 
tude and sign of the polarization vary with the frequency. This dependence 
is illustrated by Fig. 38, which shows the values of the radio emission flux 
and the degree of circular polarization ọ, at different wavelengths during 
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the development of the burst. It can be seen from the figure that the degree 
of polarization at the wavelengths of 8 and 15 cm is small and the sign of 
the polarization is different, i.e. the direction of rotation changes in the 8-15 
cm band. Any change of sign outside this range is rarely observed. Some- 
times the polarization changes in the range 3-30 cm not once, but twice. 

A change in the sign of the rotation with time is observed far more 
rarely than a change with frequency and occurs chiefly at the longer wave- 
lengths (15 and 30 cm). 

Bursts with the same sign of polarization reveal (more vaguely, it is 
true) the same tendency to distribution over the Sun’s disk as the sources 
of the S-component (Tanaka and Kakinuma, 1959). If we remember that 
the polarization of the latter corresponds to an extraordinary wave (see 
section 10) and that the sources of the bursts are as a rule localized in the 
regions where the S-component is generated (Kundu, 1959b), it becomes 
clear that the sense of the polarization of bursts at high frequencies corre- 
sponds preferentially to an extraordinary wave. This is also confirmed by 
polarization observations of bursts and long-lived localized sources at 

= 3 cm (Gelfreich et al., 1959) at a period when a single active region 
predominated on the Sun. In this case the sign of the rotation was the 
same for the bursts and the S-component and corresponded (when com- 
pared with the resultant polarity of the magnetic field of the groups of spots) 
to an extraordinary wave. 


MICROWAVE BURSTS AND CHROMOSPHERIC FLARES 


The regions in which the majority of bursts are generated reveal no 
noticeable displacement; the velocity of motion of a source of one of the 
bursts at A = 3 cm, when measured on a radio telescope with a “knife- 
edge” beam (~2’), did not exceed 150 km/sec (Gelfreich et al., 1959). 
A similar position obtains in the decimetric band as well. The interfero- 
meter observations (Kundu, 1959b), however, indicate the existence in 
certain (very rare) cases of the systematic displacement of the source at 
higher velocities of the order of 1000+300 km/sec. It is not excluded that 
the change noted above in the sense of the polarization during the de- 
velopment of a burst is connected with movements of this kind of the radio 
emission source in the magnetic fields of the active centres. 

As has already been pointed out, the sources of the microwave bursts 
are localized in the regions of the Sun’s disk from which the S-component 
of the radio emission originates.t A close connection is also known, 


f According to data at A = 21 cm (Mullaly and Krishnan, 1963) the centres of 
sources of a burst and the S-component do not generally differ by more than 0-5’ in 
magnitude. The sizes of sources of bursts vary between 1-5’ and 5’; sometimes they 
reach the size of the local sources of the S-component but they are never larger. 
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between the intensity of this component and the probability of the appear- 
ance of centimetric bursts. Atatime of highactivity, however, very weak type 
A bursts also appear in regions which are not sources of the S-component 
(Kundu, 1959a and 1959c). 
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Fic. 39. Radio emission intensity at A = 9-4 cm and brightness in the H, 

line for two bursts and the flares connected with them (in percentages of the 

level of the radio emission and brightness existing before these events). The 

strong fluctuations in the H, line in the second figure are probably caused 
by the effect of the Earth’s atmosphere (Edelson et al., 1960) 


Microwave outbursts are closely connected with chromospheric flares 
(Appleton and Hey, 1946). It can be stated that all outbursts are accom- 
panied by flares and that solar flares whose strength is greater than 2 (i.e. 
3 and 3+) are accompanied by bursts in 75% of the cases (Kundu, 1959c). 
This connection becomes weaker for less intense bursts and flares (see 
Dodson, Hedeman and Covington, 1954; Hachenberg and Kriiger, 1959). 

The beginning of the flarethat can be seen in the H, line almost coincides 
with the beginning of the burst at 2 ~ 10 cm, generally differing from it by 
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not more than 1-2 min. Moreover the time of the flare’s maximum bright- 
ness occurs slightly later than the maximum intensity of the burst at 
A ~ 10cm (Dodson, Hedeman and Covington, 1954; Edelson et al., 1960, 
1959). For certain flares, in particular for those in which the brightness 
increases very rapidly, the times of the maximum phases almost coincide 
‘with the corresponding times for the bursts. It must be noted, however, that 
bursts of the “gradual rise and fall” type do not satisfy the above relation: 
‘these events can have a maximum either at the period of the greatest 
brightness of the H,-burst or much later (Dodson, Hedeman and Coving- 
ton, 1954), The events in the radio band whose maximum phase lags 
behind the period of a flare’s maximum brightness are about 5% of all 
type C bursts (Edelson et al., 1960, 1959). 

The time that type A bursts end comes at a period near the maximum 
of the H, radiation. Remembering that the beginning of the bursts almost 
coincides with the beginning of the flares, it follows from what has been 
‘said that type A bursts occur at the time that the flares are increasing in 
brightness. Complex bursts frequently continue after the flare maximum as 
well. The duration of type B and C bursts is equal to or greater than the 
duration of the flares connected with them (Dodson, Hedeman and Coving- 
ton, 1954). 

The variations in the optical brightness of flares are very weakly con- 
nected with the variations in intensity of the type A bursts. A better agree- 
ment is sometimes observed between the curve of flare brightness and the 
profile of a type C burst. As an illustration Fig. 39 shows the functions of 
the radio emission intensity at 2 = 9-4 cm and the brightness of the flares 
in the H, line for two bursts: burst (a) consists of type A phenomena and 
burst (b) can be included among type C events. 

The size of the flares (~0-5’) is generally less than the diameter of out- 
bursts and comparable with the size of regions where type C bursts are 
generated (Kundu, 1959a). 

On the other hand, there is a very clear connection between the radio 
emission flux in a microwave burst and the width of the H, emission line in 
the flare (Hachenberg, 1960). It must be pointed out that detailed agreement 
is hardly to be anticipated here (particularly because the measurements of 
the radio emission flux characterize all the generation region as a whole, 
whilst the spectrometric investigations in the monochromatic lines gener- 
ally relate to individual regions of the flare in which the variation of the 
physical conditions with time may be different). Nevertheless, a close analogy 
between the profile of microwave bursts and the nature of the variation 
in the width exists for the great majority of events studied. The best 
examples of this agreement are shown in Fig. 40. It is clear from the figure 
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that there is agreement for the three elementary types of bursts and for 
bursts with a complex profile. 

Although the statistics are still clearly insufficient the data given by 
Hachenberg (1960) indicate that the increase in the maximum width of the 
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Fic. 40. Profiles of bursts at A = 3-2 cm S(t) and time-dependence of width 

W of H, line in the chromospheric flares accompanying the bursts: (a) burst 

of 21 September 1957 type A-B (strength 2 flare); (b) type C burst of 7 July 

1957 (strength 2+ flare); (c) outburst with complex profile of 3 July 1957 
(strength 3 flare) (Hachenberg, 1960) 
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H, line achieved during the flare occurs as the intensity rises at the burst 
maximum. In this case flares with a line width less than 3-5 A have no 
noticeable effect in the centimetric band; starting at 3-5 A the maximum 
intensity of the radio emission increases as the H, line broadens. Further 
investigation is necessary for more definite conclusions. 
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There could be considerable interest in investigating the connection of 
microwave radio emission with the optical radiation of chromospheric 
flares in the continuous spectrum. Unfortunately in the continuous spectrum 
(against the background of the photosphere’s intense emission) flares are 
observed very rarely; in one of the known cases (the flare of 31 August 
1956) the spectral flux of the radio emission at 3 cm (2:3X 10-19 W m~? 
c/s~1) was one or two orders less than the corresponding value in the 
optical band at 4 = 5000 A (2 10-!?—3 10-18 W m~? c/s~4) (Hachen- 
berg, 1960). 

The close connection of microwave bursts with chromospheric flares 
allows us to estimate the altitude at which the radio emission generation 
regions are localized. To do this we must compare the positions of the 
source of the radio emission and the chromospheric flare on the Sun’s 
disk, assuming that the source is located exactly above the flare. For two 
bursts at 2 = 3 cm this led to values of the order of (0:1-0-2)R, above the 
photosphere (Gelfreich er al., 1959) and for bursts at A = 21 cm of not 
more than 0-1R, (Mullaly and Krishnan, 1963). In the latter case we can 
also state that the altitude of the region in which the bursts are generated 
does not differ from the corresponding altitude for the S-component by a 
value greater than 2x 104 km. 

The connection noted between microwave bursts and optical flares also 
makes it possible to study the nature of the distribution over the Sun’s 
disk of the radio emission sources without having recourse to using radio 
methods for determining their position. According to the preliminary data 
(Dodson, Hedeman and Covington, 1954; Kundu, 1959b) type C bursts 
and relatively large type B events occur more frequently and their intensity 
is higher when the flares appear near the central meridian. This effect is 
more noticeable in observations at 10 cm than at 3 cm. At the same time 
the flares connected with type A pulsed bursts reveal no noticeable con- 
centration towards the central meridian. It follows from what has been 
said that types B and C bursts have certain directional properties which 
increase with the wavelength, whilst the type A radio emission has no 
such directional properties. 

The directional nature of the bursts is quite noticeable in the decimetric 
band, being possibly caused not by a decrease in the “visible” area of the 
source as it moves away from the central meridian (as was the case with 
the S-component). In any case in observations (Mullaly and Krishnan, 
1963) at A = 21 cm the sources of bursts near the limb were of the same 
size as the sources of bursts in the central part of the disk. 

Measurements of the radio emission flux and the coordinates of sources 
of bursts (Mullaly and Krishnan, 1963) indicate the clear predomi- 
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nance of bursts in the western part of the Sun’s disk. The latter is obviously 
connected with the fact that the polar diagram of the radio emission is 
not symmetrical with respect to the vertical to the Sun’s surface (possibly 
because of asymmetry of the magnetic field Ho in the centre of activity 
which shows up particularly in the difference between the values Ho of 
the leading and following spots; see section 2). 


12. Noise Storms (enhanced radio emission and type I bursts) 


With this section we start to discuss the sporadic phenomena char- 
acteristic of metric wavelengths, i.e. of the band in which the radio emission 
of the “disturbed” Sun appears in its most developed form (in the sense 
of intensity, variety of phenomena and their complexity). 
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Fic. 41. High-speed recording of solar radio emission flux during a noise 
storm (Fokker, 1960b) 


As was indicated in the introduction to this chapter, the term “noise 
storm” generally combines two closely interconnected events: slow rises 
in radio emission intensity with a characteristic time of the order of hours 
and days appearing over a wide range of frequencies of the order of hun- 
dreds of megacycles, and numerous brief bursts of a duration of the order 
of seconds and fractions of a second following rapidly upon one another. It 
should be pointed out that there are bursts of two different types (I and III) 
among surges of this kind. Noise storms containing type III bursts are rarer 
events than type I storms; they will be discussed in the section devoted to 
type III radio emission (section 14). Here we shall limit ourselves to type I 
storm although burst storm of types I and III are not always observed 
independently: they are sometimes superimposed on one another so that 
spectrographic studies are necessary for an exact classification of the 
individual bursts in this case (Wild, 1957). 

Type I bursts are undoubtedly the most frequent sporadic phenomenon 
in the radio band (hundreds and thousands of bursts per hour during a 
noise storm). Their distinguishing feature is that each burst appears and 
stays for the whole of its “life” in a narrow frequency range whose width 
may be much less than the radio emission frequency. 
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TIME CHARACTERISTICS OF NOISE STORMS 


As a rule enhanced radio emission can be observed for several hours or 
days, its intensity revealing considerable changes in this time. The duration 
of individual bursts can be determined from recordings of the radio 
emission intensity obtained with high-speed devices having a small time 
constant. An example of one of these recordings is shown in Fig. 41. Type I 
surges show a noticeable tendency to collect in groups of two to three 
bursts; even more numerous groups are characteristic of this form of radio 
emission, however (De Jager and van’t Veer, 1957). The interval between 
two successive bursts in a group is about 0-5 sec on the average (Elgaray 
1959, 1957). The profile of approximately half the bursts is symmetrical 
relative to the intensity maximum; in a third of the bursts the time that 
the intensity takes to rise is less than the time it takes to fall; in the remain- 
ing bursts the ratio between these time intervals is the opposite (Vitkevich 
and Gorelova, 1960). Sometimes bursts with two maxima appear (De 
Groot, 1960).t 

According to the data of Vitkevich and Gorelova (1960) the duration 
of a type I burst varies approximately between 0-2 and 1-5 sec, averaging 
about 0-6-0-8 sec (from the zero level) at wavelengths of 2-4 m. No reliable 
dependence of the “life” on the wavelength in this range is observed. 

Previously (Vitkevich, 1956a), however, larger values were given for 
the duration of bursts which increased as the wavelength rose (from 2 to 
6 sec at wavelengths of 1-5-4 m). These data are clearly too high and relate 
to the duration of groups of bursts rather than individual surges; this is 
probably connected with the fact that the individual surges were not distin- 
guished in the recording of the radio-emission’s intensity. What has been 
said is confirmed to a certain extent by earlier observations (Reber, 1955), 
according to which the duration of the burst in seconds is approximately 
equal to the wavelength in metres; the value forthe “life” obtained from this 
dependence is, as can easily be seen, close to the values given by Vitkevich 
(1956a). In addition, in observations using receivers with a low time constant 
and a high recording speed at wavelengths from 0-6 to 6m (Reber, 1955), 


ft At the same time attempts to find at A = 1-5 m a “radio echo” due to reflection 
in the solar corona (in the form of weak surges following strong type I bursts with a 
shift of a few seconds) proved unsuccessful (De Jager and van’t Veer, 1957). Among the 
surges separated by an interval of 0-5 sec from several hundred strong type I bursts 
selected for analysis the number of surges preceding these bursts and following them 
was approximately the same. A “radio echo” could have been observed here if its 
intensity had been not less than 0-1 of the intensity of the type I bursts studied. 

t The possibility is not excluded, moreover, that the results of Vitkevich (1956a) 
were affected by longer type III bursts which were not separated from the type I bursts 
in the analysis. 
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it was found that the individual “bursts” with a life of fo (sec) = A (m} 
consist of a series of surges whose duration is only tenths of a second. 
Similar results have been obtained (Blum, Denisse and Steinberg, 1951} 
at a wavelength of 1-8 m; surges fractions of a second long appear usually 
in groups whose duration is 2~3 sec. 

Amongst the data on the “life” of type I bursts note should be 
taken of the results of Elgaray (1957 and 1959) who established that the 
duration of the greater majority of bursts at 1 = 1-5 m determined from 
the half-intensity level is between 0-1 and 0-5 sec; bursts lasting about 
0-25 sec are most often found. In general outline this agrees with the earlier 
results of De Jager and van’t Veer (1957), according to which the duration 
of the bursts at this wavelength (at the 1/e level) is 0-4-0-6 sec (sometimes. 
up to 1 sec); the distribution of the number of bursts by their duration 
shows strong daily changes. At the shorter wavelengths the “life” of the 
bursts is shorter and is 0:15-0:25 sec (averaging about 0-2 sec) at A = 75cm 
and 90 cm. No bursts were noted that lasted less than 0-05 sec. It is signifi- 
cant that the duration of the surges does not apparently depend on their 
intensity. 


FREQUENCY SPECTRUM 


Noise storms are observed chiefly at metric wavelengths; in the deci- 
metric band they are rarer and less intense (Firor, 1959b). At present the 
decimetric band is little studied: on the basis of the observations of 
Boishot, Lee and Warwick (1960), Blum, Denisse and Steinberg (1951), 
Erickson, (1961), Benediktov and Getmantsev (1961) we can say that 
noise storms are a rarer phenomenon there than in the metric band, 
although at times their intensity exceeds even the level of the radio emission 
in the latter. The intensity of the enhanced radio emission generally has 
a maximum at wavelengths of 2-4 m; the range of frequencies occupied 
rarely exceeds 250 Mc/s (Maxwell, Swarup and Thompson, 1958). The 
radio emission spectrum does not remain constant as a noise storm devel- 
ops but changes noticeably in a few tens of minutes. The latter can be 
clearly seen in Fig. 42 which shows a dynamic spectrum of a noise storm: 
(enhanced emission and type I bursts) in the 50-200 Mc/s band (Wild, 1951 
and 1957). 

When a noise storm starts the solar radio emission flux in the metric 
band generally increases by a factor of 102-10? or more. Since the effective 
temperature of the “quiet” Sun at these wavelengths is about 10° °K the 
T.ao for a noise storm at times reaches 10°-10° °K and more (Wild and 
Sheridan, 1958; Goldstein, 1959; Maxwell, 1951). Such a high intensity, 
however, is characteristic only of certain noise storms at a period of high 
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solar activity; near a solar activity minimum emitting centres appear more 
rarely on the Sun and the radio emission connected with them is generally 
comparable in magnitude of flux with the radio emission of the “quiet” 
Sun. 

The relative intensity of the bursts and the enhanced radio emission, 
just like the frequency of appearance of bursts, vary within wide limits: 
the peak intensity of the bursts may be less than, comparable with or 
greater than the level of the enhanced radio emission. Type I bursts appear 
even in the absence of enhanced radio emission (Vitkevich, 1956a; Wild, 
1951). 


Frequency, Mc/s 





Time, min 


Fic. 42. Idealized dynamic spectrum of a noise storm—enhanced radio 
emission (diagonal strokes) and type I bursts (Wild, 1957) 


Just like the enhanced radio emission the type I bursts appear most 
often at metric wavelengths: their intensity and frequency of appearance 
decrease as one moves into the decimetric band. Sometimes there is a 
sharp cut-off of the region where the bursts are generated at the long-wave 
end: cases have been noted (Vitkevich, 1956b) when intense bursts have 
appeared at A < 3 m but have been absent at 4 > 3 m. This feature is 
confirmed by spectrographic observations (Wild, 1957) according to 
which series of type I bursts often appear in a limited band of frequencies. 
It is very interesting that this band sometimes moves to lower frequen- 
cies as the burst storm develops and sometimes moves to higher frequencies. 
The frequency drift of a type I burst storm can be seen in Fig. 42. 

The characteristics of the dynamic spectra of individual type I bursts 
have been studied by Elgargy (1957, 1959), de Groot (1959, 1960), Vitke- 
vich and Gorelova (1960). 

As has already been pointed out, the distinguishing feature of type I 
bursts is the fact that each individual burst appears and stays for the 
whole of its “life” in a narrow spectral range. To judge from observations 
at several adjacent frequencies in the metric band (De Jager and van’t 
Veer, 1957; Vitkevich, 1955, 1956b and 1957b) this range is generally 
3-6 Mc/s; for the more intense bursts it increases to 12 Mc/s (Vitkevich, 
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1956b). According to later data (Vitkevich and Gorelova, 1960), however, 
the intensity and also the duration and profile asymmetry of wide-band 
bursts occupying a band from 6 to 26 Mc/s (on the average 13 Mc/s) are 
the same as for narrow-band bursts (<4 Mc/s). 

The same band of frequencies is also occupied by type I bursts appearing 
at wavelengths shorter than 1 m: investigations with an eight-channel 
receiver in the 382-396 Mc/s and 324-336 Mc/s bands showed (De Groot, 
1960; see also De Groot, 1959) that in 30% of the cases the frequency 
spectrum of an individual burst is gaussian in form with a mean width of 
742 Mc/s at the half-intensity level. The width of the spectrum does not 
show any radical variations during the “life” of a burst. The form of the 
frequency spectra of the remaining bursts is very irregular; the width of 
the spectrum is about 12 Mc/s. These bursts can clearly be looked upon 
as the result of the superposition of “simpler” bursts with a gaussian form 
of spectrum. 

A comparison of the times of maximum intensity of bursts at two 
adjacent frequencies (199 and 200-5 Mc/s) showed (Elgaray, 1957 and 
1959) that about half of all the bursts develop first at the lower frequency 
and about a third at the higher one; the rest of the bursts appear simulta- 
neously at both frequencies. The average time displacement is about 
0-04-0-1 sec. The observed difference in the position of the bursts on the 
time scale depending on the frequency indicates the existence of frequency 
drift of individual type I bursts at a rate greater than or of the order of 
15 Mc/sec®. The frequency shift during the development of individual type 
I bursts can be found in dynamic spectra (Fig. 43) obtained with a radio 
spectrograph (Elgargy, 1959; see also De Groot, 1959; Vitkevich and 
Gorelova, 1960). The ratio of the number of bursts appearing first at a 
lower and at higher frequencies varies during the development of a noise 
storm. This ratio, at least in certain cases, gradually increases, passing 
through unity at the period when the source of the noise storm is close 
to the central meridian. 


CONNECTION WITH OPTICAL FEATURES 


Noise storms are closely connected with sunspots; the position of the 
sources of radio emission, as interferometer observations show (Chikha- 
chev, 1956), is close to the position of groups of spots on the Sun’s disk, 
particularly in its central part. Enhanced radio emission and type I bursts 
generally appear in cases when large groups of spots containing well- 
developed large spots can be seen on the Sun’s disk; the radio emission 
is connected, as a rule, with the largest spot in the group (Payne-Scott 
and Little, 1951). The spots accompanied by noise storms generally 
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belong to classes E and F; G-spots, and D-spots in particular, show lower 
activity in the radio band (Fokker, 1960b; Simon, 1957). According to 
different data (Chikhachev, 1956), however, the intensity of the radio 
emission does not appear to depend on the class of the spot. It is also 
‘still unclear whether the rate of development of a group affects its activity 
at radio wavelengths; the published information on this subject (Fokker, 
1960b; Chikhachev, 1956) is very contradictory. 

The enhanced radio emission is connected with regions where there 
are sunspots with an area of o 2 130 millionths of the solar hemisphere 
with a magnetic field at the base of the spot of Ha» 2 1300 oe (Dodson 
and Hedeman, 1957). Above the groups which are accompanied by en- 
hanced radio emission and type I bursts there are prominences of the 
‘sunspot type (Wild and Zirin, 1956) and coronal emission is observed in the 
5694 A line (Simon, 1956) (which indicates the higher coronal temperature 
at a centre of activity T ~ (2-4) 108 °K).t 

Since above large spots there are strong magnetic fields, with whose 
appearance the rise in the coronal temperature above the spots is also 
connected, and prominences of the above type are formed by condensation 
of the coronal plasma (probably by the action of the magnetic fields), it 
becomes clear that the signs given for the transition of spots into the radio- 
emitting phase are reduced in essence to the necessity for the appearance 
of strong ordered magnetic fields in the solar corona. The reservation 
must be made, however, that these signs were largely established from 
‘observations at a period of minimum solar activity; at the maximum of 
the 11-year cycle, when the number of spots on the Sun’s disk is large, it is 
difficult to connect the local sources of radio emission with individual opti- 
cal features (Zheleznyakov, 1959a). 

Since a noise storm usually lasts for several hours or days and a group 
of spots exists for one or two months the question arises of which events 
in the active region give rise to the noise storm. In this connection it 
should be noted that certain noise storms develop gradually and relatively 
‘smoothly; it is difficult to say definitely when this kind of storm starts. 
Sometimes noise storms may appear suddenly (Fokker, 1960b); in this 


+ A comparison of the intensity at 4 = 5500 A in the umbra of sunspots with the 
mean daily flux of radio emission at å = 1-5 m has shown (Maltby, 1959) that sunspots 
progress to the radio-emitting phase only if the ratio of the intensity in the spot’s 
umbra to the intensity in the surrounding photosphere is small enough (< 0-2). If we 
‘take into consideration the fairly weak correlation of the radio emission with the area 
of the spots studied (each of which was sufficiently large: ø 2 400 millionths of the 
Sun’s hemisphere) and the absence of a close connection between the radiation of the 
umbra and the size of the spots, it becomes clear that the stated criterion is not reduced 
to a requirement that the size of the spot be large. 
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case the change of the active region into the radio-emitting phase is 
characterized by the appearance of a sequence of type I bursts that become 
more and more intense and are superimposed on a more or less rapid 
rise in the enhanced radio emission. In the latter case, as Dodson (1958) 
found the start of noise storms shows a close correlation with chromospher- 
ic flares (or with sudden ionospheric disturbances which serve as a reliable 
indicator of flare-type phenomena on the Sun, even when they cannot be 
optically observed).t Characteristics of the flares connected with the sudden 
onset of noise storms are a complex profile of the time-variation of the 
radiation and a complex structure of the isophots in the H, line. When 
this kind of flares develops, a successive rise in brightness of different parts 
of the disc often occurs, rather than the usual rise in brightness of the same 
region. 

Sometimes a noise storm with a sudden onset appears in the wake of 
a type II outburst, so the noise storm is one of the forms of post-burst 
phenomena connected with chromospheric flares (as well as type IV radio 
emission; section 15) (Dodson, Hodeman and Owren, 1953; Dodson, 
1958). However, whilst type IV radio emission chiefly follows strong force 
2 or 3 flares, the noise storms (their sudden onsets and repeated sharp 
amplifications)? are largely connected with relatively weak chromospheric 
phenomena (strength 1 and 1+ flares) (Malinge, 1960).§ 

A further study of the connection between chromospheric flares and 
the sudden onset (and repeated strengthening of activity) of noise storms 
has been made by Malinge (1960) from the data of radio observations at 
A ~ 1-8 m (including the localization of sources of radio emission on the 
Sun’s disk in the east-west direction with a multi-element interferometer). 
The results obtained confirm the presence of a close correlation between 
the optical and radio events in question. The time interval separating the 
start of a flare and the start of a noise storm is generally not more than 
a few tens of minutes. 

Interferometer measurements (Malinge, 1960) have made it possible 
to determine the angular distances f ource of the sources of noise storms 
(R-centres) from the central meridian with an accuracy of up to 1’. The 

+ Bursts sometimes occur when eruptive prominences appear moving in the corona 
at a velocity of 150-300 km/sec (Das, Sethumadhavan and Davies, 1953) (for type I 
bursts connected with the development of prominences and filaments see also Wild and 
Zirin, 1956). 

į Repeated sharp increases in activity may, generally speaking, be caused either by 
the formation of a new noise storm source or by the strengthening of an old one. 
Interferometer observations at 2 = 1-8 m have shown (Malinge, 1960) that both cases 
are possible, the first occurring more rarely than the second. 


§ No correlation can be found between noise storms and very weak 1-flares (micro- 
flares) (Lougheed, Roberts and McCabe, 1957). 
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distribution 1 obtained for the difference 40 = 6,,urce—Onares Where 
Pare is the angular distance from the central meridian for the accompany- 
ing flares shows (Fig. 44) that in 75% of the cases the value of 40 is not 
more than 6’. The fact that the position of flares on the disk is really 
connected with the position of the R-centres is confirmed by comparing 
the distribution 2 in Fig. 44 of flares accompanying the beginnings of 
noise storms but separated from them by an interval of not more than 2 
hours with the distribution 3 for flares which appeared in an interval of 
4 hours to 1 hour before the onset of the noise storms. The latter distri- 
bution differs considerably from the former in its far lower concentration 
towards the small values of the difference 40 which is natural for flares 
not connected with the events in question in the radio band. We notice 
that the distribution 1 (only for the flares preceding the start of storms) 


Number of flares 





25 


A9 
Fic. 44. Distribution of the number of chromospheric flares depending on 
the difference 40 of the angular distances of the R-centres and optical centres 
from the Sun’s central meridian: 1—distribution of flares preceding the start 
of noise storms; 2—distribution of flares both preceding and following the 
start of storms and separated from this time by an interval of not more than 
2 hours; 3—distribution of flares from 4 hours to 1 hour before the start of 
noise storms (Malinge, 1960). 
differs only a little from the distribution 2 which includes both the flares 
preceding and subsequent to the bursts. This result indicates that the 
accompanying events in the optical region may both precede the start 
of events in the radio band and lag behind it. 

Data on the magnitude of 46 for different values of 65,,, can be used 
to judge the position of sources of radio emission relative to chromo- 
spheric flares if one assumes that all the sources are located in the corona 
at the same altitude above the photosphere. It turned out that the observed 
position of the sources is then shifted on the average towards the central 
meridian in relation to the radius passing through the centre of the 
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accompanying flares. This effect increases for flares with large values of 
Ozare; it is connected, in all probability, with the refraction of radio 
waves in the corona, as a result of which the observed position of a source 
of radio emission differs from the true one, being displaced towards the 
centre of the disk (for the path of rays in the corona see section 22).* 


DIRECTIONAL FEATURES OF THE RADIO EMISSION 


The radio emission intensity at the time of noise storms shows a weak 
correlation with the area of the spots on the Sun’s disk. The connection 
becomes closer, however, if we take only those spots that are located near 
the central meridian (Hatanaka and Moriyama, 1952). The strong depend- 
ence of the intensity at A > 50 cm on the heliographic longitude of the 
spots indicates the directional nature of the radio emission that is connected 
with it (Avignon, Boishot and Simon, 1959; Jorand, 1953; Vauquois, 
Cupiac and Laffineur, 1953; Tandberg-Hanssen, 1955; Simon, 1960a; 
Gnevyshev, 1960). According to the data of Machin and O’Brien (1954) 
the mean width of the polar diagram determined at the half-intensity level 
is 15°, 20° and 30° at wavelengths of 3-7 m, 1-7 m and 60 cm respectively. 
Processing results of observations in 1947-53 showed, however, that the 
angular separation does not vary significantly with the wavelength in the 
1-5-5 m range, averaging about 34° at the half-intensity level (Miiller, 1956). 

The directional nature of the radio emission can also be judged by 
studying the longitude distribution of the number of radio-emitting centres 
(Avignon, Boishot and Simon, 1959). It turns out here that the number of 
R-centres is halved when one moves +30° away from the central meridian. 
Therefore the noise storm type of radio emission connected with spots is 
far more directional than the S-component which is characterized by a 
cosine-wave variation of the flux with longitude (see section 10). In the 
latter case the flux is halved when the local source moves +60° from the 
central meridian. It should also be noted that the analysis of the longitude 
distribution of the R-centres by Avignon, Boishot and Simon (1959) 
included two forms of radio-emitting centres. Some centres generate con- 
tinuous radio emission with a small number of surges which change only 
slightly even in the course of several days. They can be observed both close 
to and a long way from the central meridian. The other centres are typical 


t The connection between the sudden starts and intensifications of noise storms on 
the one hand and chromospheric flares on the other found in Dodson (1958); Lougheed, 
Roberts and McCabe (1957); (see also Fokker, 1960b) from observations at a period of 
minimum solar activity is not confirmed, however, by the data given by Swarup, Stone 
and Maxwell (1960). This is possibly because the latter observations were made near 
the maximum of the 11-year cycle at a time when the high level of activity in the optical 
region and in the radio band made it difficult to investigate this correlation. 
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centres of noise storms which generate numerous type I bursts as well as 
enhanced radio emission which changes noticeably from one day to the 
next. The directional nature of these centres is more sharply defined: they 
can be observed chiefly near the central meridian. It is clear from what we 
have said that the degree of directivity of the noise storm type of radio 
emission (without R-centres having no type I bursts) will actually be 
higher than the value given (+30°). On the other hand, cases are well 
known when this directivity is relatively weak and in actual fact differs in 
no way from the directivity of the S-component (Fokker, 1960b; Avignon, 
Boishot and Simon, 1959; Morimoto and Kai, 1961). 

Lastly information on the directional nature of noise storm type radio 
emission is provided by a study of the longitude distribution of chro- 
mospheric flares appearing near the sudden start of these storms (if we 
assume that the position of these flares on the disk defines the distance of 
the sources of radio emission from the central meridian). According to 
Avignon, Boishot and Simon (1959) flares of this kind show a noticeable 
concentration towards the central part of the disk when compared with 
the longitude distribution of all the chromospheric flares. 

It is noted by Avignon, Boishot and Simon (1959) and Dodson (1957) 
that the ratio of the burst intensity to the intensity of the continuum 
apparently depends on the longitude of the source, increasing from values 
less than unity near the central meridian to a value greater than unity at a 
longitude greater than + 50°. It would seem to follow from this that the 
continuum radio emission is more directional than that of the bursts mak- 
ing up the noise storms with a sudden onset; in particular bursts are often 
observed even in the case when flares appear on the Sun’s limb. It must be 
admitted, however, that quite inadequate study has been made of the 
question of the possible difference in degree of directivity of the two com- 
ponents of noise storms. 

Therefore the noise-storm observations undoubtedly indicate the direc- 
tional nature of their radio emission which, generally speaking, is more 
sharply defined than in the S-component although even the degree of 
directivity varies within very broad limits. The dependence of the nature 
of the directivity on the degree of polarization of noise storms will be 
discussed later. 


SIZE AND POSITION OF RADIO-EMISSION SOURCES IN THE CORONA 
Three methods are generally used to determine the altitude at which the 
sources of noise storms are located in the solar corona. The first of them 
is based on the fact that the sources of radio emission move over the Sun’s 
disk at a higher velocity than the optical objects located at the level of the 
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photosphere. By finding the velocity of the R-centre from interferometer 
Measurements and assuming that the angular velocity of rotation of the 
source around the Sun’s axis is the same as the corresponding value for the 
equatorial regions of the photosphere we can determine the level at which 
the R-centre is located in the corona. This method is more suitable for 
sources near the central meridian when their relative velocity over the disk 
is greatest. The second method is based on measuring the difference in the 
positions of the source of the noise storm and the group of spots connected 
with it. In this case the altitude is found on the assumption that the source 
and the group of spots lie on the same line passing through the centre of 
the Sun. This method is obviously applicable for centres of activity a long 
way from the central meridian. The third method consists of direct meas- 
urement of the source’s position at the time when it is furthest away from 
the central meridian (at longitude + 90°). In this case, unlike the preceding. 
ones, no additional assumptions are required on the nature of the motion 
and the position of the R-centre in relation to the optical features of the 
photosphere. The last method (and the second to a slightly smaller degree), 
however, obviously gives only the lower limit for the altitude of the radio 
emission source since a long way from the central meridian the true posi- 
tion of the radio-emitting region may differ from the observed because of 
refraction in the solar corona (see section 22). 

The distances from the photosphere to the sources of noise storms in the 
corona display considerable scatter and lie between 0-3R, and 1-0R, at 
metric wavelengths (Payne-Scott and Little, 1951; Avignon, Boishot and 
Simon, 1959). The mean altitude is about 0-6R, at à ~ 1-8 m (Blum, 
Denisse and Steinberg, 1958), decreasing to 0-4R, at 4 ~ 1-2 m (Fokker, 
1960b) although observations (Chikhachev, 1956) at wavelengths of 2 and 
1-5 m did not show any noticeable difference in the altitude position of the 
radio-emission sources (the mean altitude obtained by the second method 
is 0-4R,). A close value for the mean altitude of noise storm sources at 
4 = 1-5 m was obtained by Suzuki (1961), although the observed scatter 
is very great (from < 0-1R, to 0-65Ro). Here a certain tendency is noticed 
to a rise in altitude as the strength of the magnetic field in the accompany- 
ing groups of spots increases, although it is still too early to draw any 
definite conclusions on the existence of a dependence between these quanti- 
ties. A slightly lower value for the mean altitude (0-2R,-0-3R,) of sources 
of type I bursts has been found at the same wavelength (Morimoto and 
Kai, 1961). In the decametric band the generation regions are located far 
higher: according to rather uncertain estimates (Erickson, 1959) at A = 
11 m the distance from the source of one of the noise storms to the pho- 
tosphere was (3-4)Ro. 
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To judge from the data given the emitting region in the corona lies 
far higher than the level where the refractive index becomes zero: in 
the Baumbach-Allen model (see section 1) this layer is located in the 
transition region between the chromosphere and the corona at an altitude 
of about 0-03R, for 4 = 1-5m and at an altitude of about 1-6R, for 
A= 10m. 

Interference measurements have also made it possible to determine the 
‘size of noise storm sources. Early observations (Ryle and Vonberg, 1948; 
McCready, Pawsey and Payne-Scott, 1947) at wavelengths of A ~ 1:5 m 
‘showed that this size is of the order of the spots’ diameter and in any case 
does not exceed 10’. It follows from observations at a period of low solar 
activity (Chikhachev, 1956) from 1949 to 1950 that the average size of 
regions generating enhanced radio emission at A = 1-5 mis slightly greater 
than 6’ and at A = 2 mis about 8’. Local sources with sizes of the order of 
‘6-8’ have also been found at a wavelength of A = 3-5 m (Vitkevich, 1956c). 
Measurements by Avignon, Boishot and Simon (1959) and by Blum, 
Denisse and Steinberg (1958) of the diameter of “radio spots” at à ~ 1-8m 
made with a multi-element interferometer have shown that the sizes 
of the sources are distributed evenly from values of < 3’ to 9’. 

The position and size of the sources of burst storms (according to the 
‘data of Erickson (1961) at A = 1-5 m and 2 m) are practically the same 
as those of the regions which generate enhanced radio emission. The 
established size of sources of noise storms at these wavelengths (6—8’) is 
several times greater than the size of the groups of spots with which the 
radio emission was connected (~ 2’). During one type I burst storm the 
diameter of the source of the bursts averaged for an hour was about 10’ 
at 45 Mc/s and about 6’ at 65 Mc/s (Wild and Sheridan, 1958), i.e. it 
increased slightly as the wavelength rose. Values of the same order have 
also been obtained by other observers (Payne-Scott and Little, 1951; 
Hégbom, 1959) in the metric waveband. In the decametric band the effec- 
‘tive diameter of the source of one noise storm, according to Erickson 
(1961), did not exceed 15’. 

It must be remembered that the values given above characterize the 
angular size of the sources of the burst storms as a whole. These sizes, 
generally speaking, differ on the large side from the sizes of the regions 
where individual type I bursts are generated in a noise storm because of a 
‘certain difference in the size and position of the sources of the bursts on 
the Sun’s disk. The results of preliminary measurements (Hégbom, 1959) 
at A = 3-7 m show that the sizes of the sources of individual type I bursts 
during one noise storm were 6+1', whilst their positions during the noise 
‘storm differed by less than 3’. A similar conclusion was also drawn in ob- 
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servations at A = 1-5 m (Fokker, 1960b), according to which the size of the 
region in which an individual burst is generated (a few minutes of arc) is 
approximately equal to the diameter of the source of enhanced radio 
emission but is sometimes less. The scatter in the positions of the individual 
bursts is only 1-2’. 

Therefore the local sources of the individual bursts are scattered over a 
region only slightly larger than the size of these sources. It is assumed by 
Hégbom (1959) that this sort of effect may be caused by scattering of the 
radio emission on inhomogeneities of the solar corona. It should be noted 
that the effect of the scattering, if it does occur, by no means always makes 
itself felt in the observed size of the source, since in a number of cases at 
wavelengths of 2-3 m the diameters of sources of individual type I bursts 
did not exceed 1-1-6’ (Goldstein, 1959; Avignon, Boishot and Simon, 
1959). It is possible that the degree of scattering in the solar corona has a 
connection with the strong variations in size of the R-centres (from <3’ to 
9’) noted by Avignon, Boishot and Simon (1959) at 2 ~ 1-8 m and the 
scatter in the sizes of the sources of type I bursts from the values of less 
than 1’ to 5’ observed at A = 1:5 m (Cohen and Fokker, 1959). 

As well as measurements of the effective sizes of sources of noise storms 
there is great interest in finding the radio brightness distribution in the 
region occupied by a source of this kind. Investigations in this direction 
have been made by Fokker (1960b) at A = 1-5 m using three interfero- 
meters with baselines 390A, 570A and 960A long. 

It followed from observations on the first two baselines that the di- 
ameter of the sources found on the assumption that the latter are disks 
with a uniform radio brightness distribution is 2-6’. With this model it 
proved impossible, however, to match the high amplitude values of the 
interference recordings on the large baseline of 960A, which can be ex- 
plained by the presence of a sharp rise in the radio brightness in the centre 
of the noise storm source. The size of the “bright” region is generally one 
or two minutes of arc. In actual fact the results of the measurements on 
the three baselines agree well with model 1 of the distribution of the effec- 
tive temperature T._ over the local source shown in Fig. 45a. This is easy 
to see in Fig. 45b where the vertical lines indicate the results of the measure- 
ments on the three baselines, whilst curve 1 characterizes the modulation 
depth M of the interference curve as it passes through the polar diagram of 
a source with a radio brightness distribution corresponding to model 1. 
At the same time the observational results do not satisfy model 2 which 
has no sharp increase in brightness in the centre. 

The observed radio brightness distribution is interpreted by Fokker 
(1960b) as the consequence of scattering of radio emission in the solar 
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corona: the central part is the real source of the noise storms, whilst the 
peripheral region is the scattered radio emission of the central source. 
The data given on the size of sources of enhanced radio emission and 
type I bursts make it possible to judge the magnitude of the effective tem- 
perature Tg of these sources. It was pointed out above that in the metric 
waveband a noise storm sometimes increases the effective temperature 
reduced to the Sun’s disk by a factor of 107-105, bringing it up to 10% 
10° °K. In this case the Tg of a “radio spot” with an angular size of d ~ 
7-8’ is more than 10°-10" °K; for sources of the order of 2’ in diameter 
T, Will be still higher (2 101-10" °K). We are of course giving here the 
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Fic. 45. (a) Models of radio brightness distribution over the local source of 
noise storms: 1—model with increase of brightness at centre; 2—model with- 
out increase of brightness. (b) Interference recording amplitude as a function 
of interferometer baseline D when passing through the source; curve 1 
corresponds to model 1, curve 2 to model 2 (Fokker, 1960b). 


record figures which are only reached during very strong noise storms. In 
the usual cases, when the level of solar radio emission rises by only a few 
factors when active regions appear on the Sun, the effective temperature of 
the sources will be far lower (~108°K for d ~ 7-8’ and 10°°K for 
d~ 2’). 


POLARIZATION OF NOISE STORMS 

Polarization observations at metric wavelengths (Ryle and Vonberg, 
1948; Payne-Scott and Little, 1951; Hatanaka and Moriyama, 1952; 
Cohen and Fokker, 1959; Fokker, 1960a) indicate that the enhanced radio 
emission generally consists of two components: a randomly polarized one 
and a circularly polarized one, the degree of polarization often being close 
to 100%. The sense of the polarization for an individual local region that 
is active in the radio band does not as a rule change during the whole 
existence of the source. Sometimes the degree of polarization of the en- 
hanced radio emission which was at first weakly and irregularly polarized 
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increases as the local source develops. The opposite cases of a gradual de- 
crease in the polarization of the “radio spots’” emission (to a state close 
to an unpolarized one) have not been observed. In certain cases the en- 
hanced radio emission does not show any noticeable polarization during 
the whole existence of this component. When this is so, however, the radio 
emission flux connected with the spots is comparable with or less than the 
radio emission flux of the “quiet” Sun. On the other hand, intense enhanced 
emission whose level is more than four times higher than the basic level of 
the solar radio emission is almost always polarized (Cohen and Fokker, 
1959). 

Just like the enhanced emission, type I bursts connected with spots are 
generally strongly polarized. The observations of Hatanaka, Suzuki and 
Tsuchiya (1955a and 1955b), Hatanaka (1957b) and Suzuki (1961) at 
A = 1-5 m with a polarimeter, which provides full information on the 
state of the polarization in 1/200 sec (see section 6), showed that the type I 
radio emission consists of two components—a randomly polarized one and 
an elliptically polarized one. The elliptical component is generally about 
90% of all the emission (often about 100% (Cohen and Fokker, 1959)), 
but sometimes the degree of polarization decreases to 50% and even to 
10%. For the majority of bursts the degree of polarization exceeds 50%, 
(Komesaroff, 1958). 

The degree of polarization of type I bursts reveals a tendency to increase 
as the observed size of the sources decreases. This can be explained by the 
fact that the magnetic field is more or less uniform within the small sources. 
This cannot be said of the large sources situated above bipolar or multi- 
polar groups of spots.-These sources occupy regions in which there are 
various magnetic field orientations, including directly opposite directions; 
the polarizations of the radio emission from these regions (with different 
signs of rotation) cancel each other out to a certain extent (Suzuki, 1961). 

Moreover, the degree of polarization for strongly polarized storms de- 
pends in many cases on the position of the emitting region on the solar 
disk, decreasing as the source moves away from the central meridian 
(Suzuki, 1961). Weakly polarized and irregularly polarized noise storms 
do not display this dependence. This can be explained by the fact that the 
polarized component of the emission is more directional than the unpolar- 
ized (this effect has already been noted in section 10 for the S-component). 

The ratio of the axes of the polarization ellipse varies from 1 to 0-1, 
being close to the ratio of the axes of the ellipse obtained by projecting 
onto the plane of the Sun’s disk the circle lying in the plane of the Sun in 
the region of the actively emitting spot. The angle of inclination of the 
polarization ellipse is almost constant during the course of a day but is 
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different on different days (Komesaroff, 1958). The change in orientation 
is evidently connected with the Faraday effect in the Earth’s ionosphere and 
is caused by the daily variations in its electron concentration (see section 
7 for further detail). 

The nature of the polarization of bursts following one after the other is 
not repeated quite precisely, although the state of the polarization (degree 
of polarization, form of the ellipse and the sign of rotation) generally stays 
more or less constant for several days (and even during the passage of the 
noise storm source over the disk (Cohen and Fokker, 1959)). The change in 
the sign of rotation, if it occurs, generally takes place fairly rapidly—in a 
period of less than 12 hours (Alekseev and Vitkevich, 1959; see also 
‘Komesaroff, 1958). 

It follows from the polarization observations by Komesaroff (1958) 
with a radio spectrograph (40-240 Mc/s) that the emission is polarized at 
all frequencies where there is a burst storm, and generally (but not always) 
has the same direction of rotation throughout the band. In one case polari- 
zation of both signs has been observed, but at different frequencies and 
different times. 

The sense of the polarization of type I bursts is, as a rule, the same as the 
sense of the polarization of the enhanced radio emission which these bursts 
accompany; the degree of polarization of the surges is generally close, 
but not identical, to the corresponding value for the enhanced radio 
emission (Cohen and Fokker, 1959; Fokker, 1960a; Alekseev and Vitkevich, 
1959). Certain bursts with an anomalous (higher or lower) degree of 
polarization may suddenly appear during a uniformly polarized noise 
storm. 

There are exceptions to the rule given for the sameness of sense and 
closeness of degree of polarization even in cases when the source of the 
noise storms is connected only with one group of spots. Sometimes strongly 
polarized bursts are superimposed on weakly polarized enhanced radio 
emission and vice versa. At the same time there have been cases of “mixed” 
polarization of the radio emission in one centre of activity, when the varia- 
tions in the degree of continuum polarization have been accompanied by 
changes in the sign of rotation in the bursts. When considerable differences 
appear between the polarizations of the enhanced radio emission and the 
bursts it may be thought that these two components arise in different parts 
of the local sourcet (with a magnetic field of opposite polarities) (Cohen and 
Fokker, 1959; Fokker, 1960a). However, no definite connection has been 
found between the sense of the polarization and the position of the source 
of the bursts relative to the centre of activity even in the cases when the 

+ This has been confirmed once by interferometer measurements. 
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bursts were generated above bipolar groups (Cohen and Fokker, 1959): 
This is not surprising, moreover, if one remembers the considerable size 
of the sources and their localization in the high layers of the corona at great 
distances from the centres of activity. 

There are very serious difficulties in establishing the type of normal wave 
emitted by a “radio spot” (ordinary or extraordinary). The point is that 
the connection between the sense of the polarization and the direction of 
the magnetic field can be established by determining (simultaneously with 
the polarization observations) the position of the local source in the corona 
and the structure of the magnetic field in the region occupied by the source. 
However, the detailed structure of the magnetic fields in the corona is in 
actual fact unknown, and conclusions on the direction of the field in a 
radio-emitting region located at a great altitude are generally based on a 
very unreliable extrapolation of the results of observations of the structure 
of the magnetic field in the photosphere and the lower layers of the chromo- 
sphere. 

This extrapolation generally consists of the following. The magnetic 
flux through one of the spots of a bipolar group (generally through the 
leading spot) is as a rule far greater than the corresponding value for the 
other spot. It can therefore be taken that at great distances in the corona 
above the group of spots the direction of the magnetic field is determined 
by the polarity of the spot with the highest flux value, i.e. in the majority 
of cases by the polarity of the head spot. During the 11-year solar cycle the 
polarities of the leader and follower spots in a group are determined 
unambiguously by which hemisphere—northern or southern—these spots 
appeared. It follows from this that if one type of normal wave is predomi- 
nant in the generation of noise storms, then the observed sense of the rota- 
tion in the polarized radio emission will be determined by the hemisphere 
in which the local source of the radio emission and the bipolar group of 
spots connected with it are located. In the other cases, when the structure 
of the group of spots is more complex, the predominance of a magnetic 
field of one direction or another can be judged on the basis of magneto- 
meter observations of the sunspots. Measurements of this kind, of course, 
are also useful for the bipolar groups since they make it possible to allow 
for the exceptions to the general rule of the predominance of the magnetic 
field of the leader spots. 

Having made these preliminary remarks we shall give the results of 
polarization observations whose purpose was to establish the type of 
normal wave emitted by “radio spots”. 

The observations of Ryle and Vonberg (1948), Payne-Scott and Little 
(1951) Hatanaka and Moriyama (1952), Suzuki (1961) and Malinge (1960) 
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indicate that the circularly polarized component corresponds largely to 
an ordinary wave. Among these observations notice should be taken first 
of all of the results of Payne-Scott and Little (1951) who in the process of 
their measurements also found the positions of the emitting region relative 
to the bipolar groups of spots. According to Payne-Scott and Little (1951) 
the enhanced radio emission is almost completely circularly polarized, the 
direction of rotation not changing during the spot’s emission; in particular 
the sense of the polarization does not change when the spot passes through 
the central meridian. Any change in the direction of rotation, if it occurs, is 
connected with a change in the relative contribution to the radio emission 
from the two active regions. For groups of spots located in the northern 
hemisphere right-handed polarization occurred in 95% of the cases when 
the leader spot was equal in area to the follower, or larger. On the other 
hand, for groups to the south of the solar equator under the same condi- 
tions left-handed polarization was observed in 70% of the cases; once 
when the follower spot was larger in area than the leader the radio emission 
contained a right-handed polarized component. At the time of these obser- 
vations the leading spots in the bipolar groups of the northern hemisphere 
were south magnetic poles, whilst in the southern hemisphere they had 
the opposite polarity. From this Payne-Scott and Little concluded that the 
enhanced radio emission connected with the spots corresponds chiefly to 
an ordinary wave. The connection of the sense of the polarization with the 
position of the radio emission source relative to the solar equator 
is confirmed by the observations of Malinge (1960) during the next 
cycle of activity (1959); the results she obtained also indicate the pre- 
dominance of the ordinary component in the composition of the enhanced 
radio emission. 

On the other hand, Stanier’s measurements (see Ryle, 1958) indicated 
predominance of the extraordinary component; however, he was not 
sufficiently certain that the direction of the magnetic field had been correctly 
determined during the observations. The investigations of Cohen and 
Fokker (1959) during which, just as in the observations of Payne-Scott 
and Little (1951), both the polarization and the position of the emitting 
region on the Sun’s disk were determined, indicated that both ordinary 
and extraordinary emission are of equal probability, since Cohen and 
Fokker (1959) found no definite correlation at all between the sense of the 
rotation and the position of the “radio spots” relative to the equator. 
Later, however, Fokker (1960a) re-examined his results and on the basis 
of polarization measurements during the International Geophysical Year 
came to conclusions, which agree in fact with Payne-Scott and Little’s data: 
(1) the sense of the polarization of the radio emission coming from a single 
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source almost without exception remains the same during the whole existence 
of this source; (2) the sources of noise storms in the northern hemisphere 
mostly generated left-handed polarized radio emission, and those in the 
southern hemisphere right-handed polarized emission. If the direction of 
the magnetic field in the source is determined by the polarity of the leading 
spot it follows that the ordinary component is predominant in the radio 
emission of noise storms. This connection is, of course, far from unambigu- 
ous; it is sufficient to mention cases of the appearance of “mixed” polari- 
zation under conditions when radio emission with different directions of 
rotation is created by several sources located on one hemisphere, and even 
by one source. 

Suzuki (1961) compared the sense of the polarization of the observed 
radio emission during noise storms at A = 1-5 m directly with the polarity 
of the accompanying groups of spots (the position of the emitting region 
on the Sun’s disk in the east-west direction was determined with an inter- 
ferometer). It turned out that the sense of the polarization of type I bursts 
generated above unipolar groups of spots is given by the direction of the 
magnetic field and corresponds to an ordinary wave. The same tendency 
obtains in general in bipolar groups if the sense of the polarization is con- 
nected with the predominant polarity in these groups. For groups with a 
complex magnetic field structure the polarization of the bursts is mixed and 
changes frequently. Exceptions to these rules are not rare, however. In 
particular in bipolar groups with clear predominance of one polarity mixed, 
irregular polarization characteristic of groups of spots with a complex 
magnetic structure and stable, strong polarization with the sign of rotation 
characteristic of spots of opposite polarity have been observed. 

Therefore the observations that have been made largely indicate the 
predominance of the ordinary component in the radio emission of noise 
storms (enhanced level and type I bursts). The effect of the exceptions to 
this rule, however, is to create the impression that noise-storm theory 
should first explain the possibility of the appearance of the ordinary and 
extraordinary components mixed in different proportions and then the 
preferential generation of ordinary waves in the majority of local sources. 

It follows from the contents of this section that the enhanced radio 
emission and the type I bursts are two closely interconnected components 
of the Sun’s sporadic radio emission. In published papers the opinion has 
been more than once stated (Vitkevich, 1956a; Brown, 1953) that the en- 
hanced radio emission is the result of short type I bursts being superimposed 
on each other. The basis of this conclusion was the fact that a rise in the 
level is usually accompanied by more or less intense bursts, the latter also 
occurring in the absence of enhanced radio emission. The identical sense 
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and the close degree of polarization of the continuum and its accompanying 
bursts are also in favour of this assumption. 

Serious objections can be adduced against this idea, however. An increase 
in the level of radio emission is not always accompanied by bursts; even 
at the time of a noise storm intervals are found on the high-speed record- 
ings of the solar radio emission when there are no bursts yet the flux of 
the enhanced radio emission remains at about the same level as during 
the bursts, without dropping to the value characteristic of the “quiet” 
Sun (Fokker, 1960b; see also the discussion in Vitkevich, 1957b). The 
appearance of bursts in a certain range of frequencies and their intensity 
are weakly connected (or generally unconnected) with the level of the en- 
hanced radio emission in this range. In other words, the total frequency 
spectrum of type I bursts differs sharply from the spectrum of the enhanced 
radio emission (Wild, 1951; Billings, Pecker and Roberts, 1954) (see Fig. 
42). If we also remember that sometimes significant differences can be 
observed in the relative content and even in the sign of the polarized 
component of the enhanced radio emission and the bursts, it becomes 
clear that the enhanced radio emission as a whole cannot be reduced to the 
sum of the type I bursts. In individual cases, however, the bursts observed 
to follow one another closely during a strong burst storm may, of course, 
cause a certain “continuous” rise in the level of the radio emission on the 
intensity recording, particularly in observations on equipment that has a 
large time constant (2 1 sec). 


13. Type II Burstst 


GENERAL CHARACTERISTICS 

The second spectral type covers powerful bursts of solar radio emission 
at metric wavelengths with a “life” at a fixed frequency of the order of 
several minutes or tens of minutes; these bursts first appear at high 
frequencies and then in the process of the burst’s development its spectral 
features (intensity maximum, etc.) shift towards the lower frequencies at a 
rate of up to 1 Mc/s per second (generally about i Mc/s per second at 
A ~ 3 m), so that as a whole an event of this type occupies a band up to 
hundreds of megacycles wide. Bursts of this kind with frequency drift 
were first found in simultaneous observations at several fixed frequencies 
(Payne-Scott, Yabsley and Bolton, 1947); later very valuable information 

+ Extensive -use has been made in this section of the article by Roberts (1959a) 
which recapitulates the results of 65 type II events between 1952 and 1958. Basically 


these results agree with the data on the solar radio emission of 1956-60 in the form of 
type II bursts (138 events) given by Maxwell and Thompson (1962). 
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on the dynamic spectra of type II bursts was obtained in the process of 
radio spectrographic observations by Wild and others (Wild and McCready 
1950; Wild, Murray and Rowe, 1954; Wild, 1950; Wild, Murray and Rowe, 
1953). 

Type II bursts are some of the rarest events in the Sun’s radio emission. 
Even at a period of maximum solar activity in every 50-100 hours 
of observations on the average only one burst of this type is found, 
whilst the mean frequency of the appearance of type I and III bursts is 
apparently one burst per minute (if we limit ourselves to periods of noise 
storms the latter value is even higher). The number of type II bursts 
observed shows considerable variations over a solar cycle, decreasing 
sharply near its minimum phase (Roberts, 1959a). 

Type II bursts generally appear at the time of chromospheric flares 
(Wild, 1957; Swarup, Stone and Maxwell, 1960; Roberts, 1959a; Wai wick, 
1957; Giovanelli and Roberts, 1958, 1959) near the maximum of their 
radiation in the H, line or slightly later, and generally stop earlier than the 
flare itself. In certain cases the appearance of bursts is not accompanied by 
any noticeable effects in the optical region. Flares of importance 1 or over 
have been observed in approximately 60-80% of the cases when type IT 
bursts have appeared. At the same time only rare flares are connected with 
bursts of this type (only about 3% of the flares according to the data of 3 
years of observations). However, the probability of the appearance of a 
type II burst when a flare arises on the Sun’s disk rises rapidly with the 
class of flare—from 2% for class 1 flares to 30% for strong class 3 flares. 
The eruptive activity of the flares (ejection of material into the corona) 
is not apparently a sufficient condition for the generation of type II bursts 
since the ejection of prominences from the flares is a more frequent 
phenomenon than bursts with slow frequency drift (Roberts, 1959a).t 

As has already been pointed out, type II bursts belong to the class of 
very intense phenomena in the radio band: during these bursts a rise in 
the radio emission flux at metric wavelengths to 10-1 W m=? c/s“ (and 
therefore an increase in the Sun’s effective temperature T,¢. to 10° °K) 
cannot be considered out of the way (Roberts, 1959a). Cases are known 
when the radio emission intensity was even higher. For example, on 8 
April 1959 the flare-connected outburst, which lasted for about 4'5 min at 
A = 1-5m, raised the level of the radio emission to a value of over 51071’ 

+ The close connection between the outbursts and chromospheric flares was also 
found by Dodson and her co-workers (Dodson, Hedeman and Owren, 1953; Dodson, 
1958). It should be noted, however, that it is difficult to judge the spectral type of a 
burst from observations at one fixed frequency. Many outbursts connected with chro- 


mospheric flares are not type II but are large groups of very intense type III bursts, the 
latter event occurring even more often than type II bursts (Roberts, 1959a). 
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Wm “?c/s (Tmo > 5X 104 °K) (Fokker, 1960a). The burst of 8 March 
1947 was even more powerful; for 3-5 min the flux at A = 5 m was greater 
than or of the order of 10715 W m™c/s~! (Taro 2 10! °K). This Tigo 
value, which is ten million times greater than the effective temperature of 
the “quiet” Sun, is a record for solar radio emission (Payne-Scott, Yabsley 
and Bolton, 1947). 

Unfortunately the size of the sources of these bursts is still not known. 
If, however, we assume that the generation regions occupied 1072 of the 
Sun’s disk, then the brightness temperature T,, of the local source of the 
bursts is (for Tigo ~ 10° °K) about 101 °K and its record value of 8 March 
1947 will exceed 1015 °K! 

Weiss and Sheridan (1962) have measured the diameters of sources 
of type II radio emission at frequencies of 40 and 60 Mc/s. According 
to the preliminary data the angular size of the central part of the sources 
is 5-7’ (at the half-intensity level); this part is generally surrounded by a 
weak halo which is far larger (up to 40’). No noticeable difference can be 
seen between the size of the sources of the fundamental frequency and the 
second harmonic in observations at 40-60 Mc/s. 

The data on the nature of the polarization of the type II bursts are very 
incomplete; we can say, however, that the type II bursts are either not 
polarized or are polarized very weakly. Komesaroff’s observations (Kome- 
saroff, 1958), which were made with a low-sensitivity polarimeter (which 
made it possible to determine the polarization only if the degree of polari- 
zation of the radio emission was not less than 25%), showed that if there is 
elliptical polarization of type II bursts it is very weak. For example, out 
of thirteen bursts investigated eight were not polarized (with the accuracy 
stated above);t in four cases it proved impossible to give a definite con- 
clusion on the nature of the polarization, and only on one recording did a 
polarized component seem to appear for a short time. Moreover even in 
the last case the degree of polarization found (not more than 30%) was 
close to the threshold of the equipment sensitivity. 

According to Fokker (1960a) the flux of the circularly polarized radio 
emission during the outburst of 8 April 1959 was not more than a few 
times greater than the value of 10-22 W m~? c/s~1. If we remember that 
the total flux of the radio emission (randomly polarized and circularly 
polarized) was more than 5X 1077? W m~? c/s—1, then we can conclude 
that the degree of polarization was less than 0-0019%. Akabane and Cohen 
(1961) observing on a narrow-band polarimeter (with a 10 kc/s band), did 


+ In particular there was no polarization in type II bursts whose harmonic com- 
ponents showed their own peculiar splitting, which in certain papers is linked with the 
effect of the magnetic field (see below). 
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not find any polarization of the radio emission in the three type II bursts 
investigated either. 

On the other hand, the earlier observations of Payne-Scott and Little 
(1951) indicate that the bursts of radio emission (which from their intensity 
and duration can be included among type II)t have no polarization only 
at the initial stage of development: there is often a secondary rise in the 
intensity with elliptical polarization. It is possible, moreover, that the second 
period was not a type II burst but a post-burst phenomenon of the noise 
storm or type IV radio emission type. It is difficult to judge, however, from 
recordings at a single frequency. 


HARMONICS OF TYPE II BURSTS 


The most outstanding feature of type II bursts (and also type III) found 
by Wild, Murray and Rowe (1953, 1954) when investigating the dynamic 
spectra of bursts is the so-called second harmonic. In the dynamic spectra 
of the type IT bursts shown in Figs. 46 and 47 it can be clearly seen that the 
radio emission occupies two bands several tens of megacycles wide 
whose contours, although not absolutely identical, repeat each other in 
general outline and in many details. This does not allow us to doubt 
that the two bands are genetically connected and belong to radio emis- 
sion generated in one source. Since the structure of one band at the fre- 
quency w is repeated in the other band approximately at a frequency 2a, 
this served as a basis for calling the first band of the radio emission the 
fundamental frequency and the second band the second harmonic.§ 

According to Roberts (1959a,. 1959b) the second harmonic can be 
observed in 60% of the bursts that appear in the 40-240 Mc/s range. 
This figure rises if we limit ourselves to events of moderate intensity, with 
well-defined dynamic spectra. The percentage of bursts recorded with 
a second harmonic rises to 75-80% if we carry:out spectroscopic observa- 
tions in a broader range of frequencies (from 580 to 25 Mc/s) (Maxwell 
and Thompson, 1962; Wood, 1961). The simultaneous appearance of a 
first, second and third harmonic has not been observed; if a third harmonic 
does exist its intensity is less than one-fifth of the intensity of the second 

t We note that the outbursts of 8 March 1947 and 8 April 1959 also belong to the 
second spectral type only according to these signs. 

t The width of the band of frequencies occupied by a burst at any given point in 
time varies according to the band and averages 0-3f, where f is the frequency corre- 
sponding to the maximum spectral intensity of the emission (Maxwell and Thompson, 
1962). 

ee A avoid misconceptions we would stress once more that if the radio emission 
spectrum consists of several bands whose mean frequencies are in the ratio of 1 : 2 : 3, 


etc., then the first (low-frequency) band here and in future will be called the first har- 
monic or fundamental frequency, the second band the second harmonic and so on. 
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harmonic (even in the cases when the second harmonic is comparable 
with the first). In one case (25 April 1956) three bands were recorded in 
the dynamic spectrum in a ratio close to 2:3:4. It is possible that these 
Frequency, Mc/s 
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Fic. 46. Type II burst of 21 November 1952: (a) dynamic radio emission 

spectrum (intensity contours correspond to 5x107?! W m~? c/s“! and 

20X 10-21W m~? c/s~! levels); (b) frequency spectrum of radio emission (first 

harmonic—solid curve, second harmonic—dotted line) (Wild, Murray and 
Rowe, 1954). 


bands are the second, third and fourth harmonics respectively of a type 
II burst; the range of frequencies corresponding here to the first harmonic 
were outside the range of the radio spectrograph. At the same time the 


158 


§ 13] Type II Bursts 


absence of a third harmonic in the rest of the bursts studied makes us 
doubt the correctness of this interpretation of 26 April 1956; another 
possible explanation of this phenomenon is given in the footnote to p. 165. 
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Fic. 47. Type II burst of 5 May 1953; (a) dynamic spectrum (levels the same 
as in Fig. 46); (b) frequency spectrum (the second harmonic is shown by the 
dotted line) (Wild, Murray and Rowe, 1954). 


We notice that although the ratio of the mean frequencies of the second 
harmonic and the first harmonic is close to two it is less than two as a rule 
(Wild, Murray and Rowe, 1954; Roberts, 1959a). For the majority of 
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bursts it lies in the range between 1-9 and 2-0, averaging 1-95. The inten- 
sities of the two harmonics are usually the same; sometimes one of the 
harmonics is more intense than the other. The ratio of the intensity of the 
first harmonic to that of the second does not apparently increase for the 
more powerful bursts; in many cases in quite weak type II events the 
second harmonics are more intense than the first (Roberts, 1959a); this, 
moreover, may also be connected with the difference in the conditions 
under which the radio emission at the first and second harmonics is propa- 
gated and leaves the corona. 

To explain the observed ratio of the frequencies of the harmonic com- 
ponents we can assume that the first harmonic of type II bursts is generated 
in the layers of the solar corona where the characteristic frequency wr of the 
plasma oscillations is close to the radio emission frequencies of the first 
harmonic o.t It is known, however, that radio waves whose frequencies 
are lower than w, do not go beyond the corona, and at frequencies close 
to w, they are subject to strong absorption, decreasing rapidly as the 
difference œw — w, rises (sections 22, 26). The action of the above two causes 
ensures the “cut-off” of the spectrum of the radio emission leaving 
the corona at frequencies w > w; close to w, and at frequencies œ < Oz. 
At the same time the radio emission corresponding to the second harmonic 
escapes completely. It is clear from what has been said that as a result 
the ratio of the mean frequencies of the harmonic components in the 
radio emission escaping beyond the corona will be different from two 
and will become less than two (Wild, Murray and Rowe, 1954). 

The existence of a “cut-off” in the low-frequency part of the spectrum 
of the first harmonic is indicated by a comparison of the frequency spec- 
trum of the first harmonic and that of the second harmonic of one of the 
bursts studied by Wild, Murray and Rowe (1954) (see Fig. 47). Weightier 
proof was obtained by Wood (1961) as a result of studying the dynamic 
spectra of slowly drifting bursts in the broad range of frequencies of 25- 
580 Mc/s. If low-frequency attenuation really does exist it obviously leads 
to the ratio of the frequencies w2/m, corresponding to the low-frequency 
edges of the first and second harmonics becoming less than two, whilst 
the corresponding ratio of the frequencies of the high-frequency edges 
of the harmonic bands will be close to two.t The presence of this kind of 


+ The statement about the closeness of the frequency w of the bursts of sporadic ra- 
dio emission to the characteristic frequency of the plasma oscillations œz = (42e*N/m)'/2, 
where e and m are the charge and mass of an electron and N is the electron concentra- 
tion in the source, is the basic content of the so-called “plasma hypothesis”. This hy- 
pothesis is extensively used for interpreting the radio emission of the “disturbed” Sun; 
details of it are given in section 31. 

t The meaning of the frequencies œ, and w, is clear from Fig. 46. 
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effect is shown well in Fig. 48 where histograms are drawn of the number 
of type II bursts with a given value of the ratio w2/w1. The mean value 
of w2/m, found from these histograms is 2-0 for the higher-frequency edge 
and 1-9 for the low-frequency edge of the harmonic components. 
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Fic. 48. Histograms of the number of type II bursts as a function of the 
value of the ratio w,/w, at the high-frequency (a) and low-frequency (b) 
edges of the harmonic components (Wood, 1961). 


It was assumed above that the source of the bursts is located in the 
centre of the Sun’s disk: an analysis of the propagation of radio waves ina 
spherically symmetrical corona (section 22) shows that only in this case do 
waves of all frequencies satisfying the condition œ = w, reach an observer 
from the source. Unless the angle 6 between the straight lines connecting 
the centre of the Sun with the observer and the source is zero only radio 
emission of a higher frequency (w = @,,,, where @,;, > @,) can leave 
the source in the direction of the observer because of refraction. In this- 
case the ratio of the frequencies of the first and second harmonics should 
depend on the longitude of the source @, i.e. decrease as @ rises. In addition, 
at large enough distances r of the source from the centre of the solar disk 
the first harmonic radio emission cannot generally be observed on Earth. 
Therefore in the latter case, which, according to Wild, Murray and Rowe 
(1954), is true approximately at a longitude of © > 30°, i.e. at distances 
of r>0-5R,, type II bursts should have only one harmonic component. 

Further observations (Roberts, 1959a; Giovanelli and Roberts, 1958; 
Roberts, 1959b; Wood, 1961), however, did not confirm this: it turned out 
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that the ratio of the second harmonic frequencies and first harmonic 
frequencies does not depend on the distance of the source from the centre 
of the disk (Fig. 49a), whilst both harmonic components are observed at 
distances greater than r = 0-5R, from the centre of the disk and the 
percentage of bursts having only one harmonic band rises only when 
r>0-9R, (Fig. 49b). 
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Fic. 49. (a) Ratio of second harmonic frequency to first harmonic frequency 

as a function of the distance of optical events connected with type II bursts 

from the centre of the Sun’s disk. (b) Number of recorded cases of type II 

bursts with two harmonic components (unshaded part of histogram) and 

with one component (shaded part of histogram) for different distances from 

the centre of the disk of optical events connected with type II bursts (Roberts, 
1959a). 


The absence of any considerable directivity of the type II radio emission 
is also indicated by the nature of the distribution over the Sun’s disk of the 
chromospheric flares accompanied by bursts (Roberts, 1959a; Wood, 1961; 
see also Maxwell and Thompson, 1962; Warwick and Warwick, 1959). 
Although the number of such flares in Roberts (1959a); Wood (1961) 
decreases noticeably as there is an increase in the longitude © read from 
the central meridian, the total number of flares recorded in the range 
between © and 0 +d@ also decreases as we move from the central part 
of the disk towards the limb because of deterioration of the conditions 
of observation. As a result the percentage of flares in the range between 
© and © +dO accompanied by type II bursts varies very little from the 
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total number of flares in this range as © changes, being not less than 0°6 of 
its value at the centre of the disk at the limb. 

The non-directional nature of the type II bursts at the basic frequency 
and the second harmonic and the independence of the ratio of the fre- 
quencies of the harmonic components to the source’s longitude indicate 
the weak effect of refraction on the radio emission. The latter circumstance: 
may be connected with the fact that the fundamental frequency w, not to 
mention the second harmonic 2m, differs strongly from the plasma 
frequency w; of the unperturbed coronal plasma in the neighbourhood 
of the source, being much higher than w,. In this case the refractive index 
n(@) = y 1 —qj/w? in the surrounding corona will be comparable with 
unity and the effect of the refraction on the propagation of the radio 
waves after they have left the source will become insignificant; if the source 
itself produces non-directional emission it escapes into the space around 
the Sun over a wide range of solid angles and refraction can limit the recep- 
tion of the radio emission only for bursts generated near the Sun’s limb 
(© = +90°). Within the framework of the plasma hypothesis the difference 
between the frequency of the first harmonic and the plasma frequency w, 
of the corona surrounding the source can be explained by the enhanced 
electron concentration in the bunches of plasma (corpuscular streams) 
which are undoubtedly also the agent that causes the type II bursts (see 
p. 176).t 

When studying the origin of the higher harmonic components in type 
II (and IID) bursts the solution of the question whether the radio 
emission of the first and second harmonics is coherent (see section 31) is 
of importance. Preliminary results indicating the coherent nature of the 
radio emission during some bursts at frequencies whose values are in the 
ratio of 1:2 have been obtained by Jennison (1959). His equipment picked 
up the Sun’s radio emission in two separate channels about 500 kc/s 
wide at frequencies of 127 and 254 Mc/s. The signals at the output of these 
channels were, however, at the same frequency since the frequency was 
doubled in the first channel. When outbursts appeared which, from their 
duration and intensity, could apparently be put into spectral type II, 
interference between the oscillations was observed at the output which 
indicated coherency of the radio emission in the bands near the harmoni- 
ally connected frequencies (1:2). The reservation must be made that 
Jennison himself is far from being convinced of the existence of this 


t It follows from section 31 that type II bursts are apparently generated not in the 
actual bundle but in the shock wave front travelling ahead of it, where the concentra- 
tion is also enhanced when compared with the surrounding corona. 
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effect: the experiment was continued for too short a time and the type of 
burst was not checked with a radio spectrograph. Further investigation 
into the coherency of the first and second harmonics is therefore partic- 
ularly desirable. 

Smerd, Wild and Sheridan (1962) have obtained interesting results 
relating to the mutual position of sources of radio emission at the 
first and second harmonics (by measurements on interferometers with 
frequency tuning in the 40-70 Mc/s range; see section 5). Generally 
speaking, simultaneous measurements of the coordinates at the frequen- 
cies f and 2f should be made when studying the position of such sources. 
However, the data obtained here were noticeably distorted because of 
differing refraction in the ionosphere at different frequencies. Therefore 
in observations by Smerd, Wild and Sheridan (1962) the position of the 
sources of the first and second frequencies was measured at the same fre- 
quency f. In this case both measurements, of course, were separated in 
time: first the coordinate of the source of the fundamental frequency 
was determined and then (after a time necessary for the frequency of the 
second harmonic to change due to frequency drift from the value 2f to f) 
the coordinate was found of the source of the radio emission’s second 
harmonic component. For four type II bursts studied it turned out 
unexpectedly that the source of the second harmonic “seen” in the radio 
emission was Closer to the centre of the Sun’s disk than the source of the 
first frequency. If we remember that the flares which accompanied these 
bursts were located even closer to the centre of the disk and accept the 
fact that the motion of the agent causing the type II bursts comes from a 
flare in a quasi-radial direction, the result obtained obviously indicates 
that the “visible” source of the second harmonic is located in deeper 
layers of the corona than the source of the fundamental frequency (despite 
the shift in time between the two directions during which the agent is 
moving away from the solar surface; at the first glance an inverse relation 
would be expected here between the observed positions of the two sources 
on the Sun’s disk). 

The anomalous position of the source of the second harmonic found by 
Smerd, Wild and Sheridan (1962)can be explained by the effect of reflection 
of this harmonic radio emission from the deep-lying layers of the solar 
corona, thanks to which we observe the harmonic emission chiefly in 
reflected light, whilst the emission of the fundamental frequency reaches 
the Earth directly from the generation region. When receiving the second 
harmonic of basically reflected radio emission recording, of course, is 
possible only if the radio emission of this harmonic escaping from the 
generation region towards the Sun’s surface predominates over the emis- 
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sion released away from the Sun.t The possible cause of this is discussed 
in section 31. 


FINE STRUCTURE OF TYPE I1 BURSTS 


Even in the first dynamic spectra of type II bursts obtained by Wild 
(1950a; see also Wild, Murray and Rowe, 1954) the individual harmonic 
bands showed their own “splitting” of frequencies into two sub-bands 
which can be seen clearly in Fig. 46. As well as the frequently observed 
“doubling”, frequency “tripling” is found in certain cases. For the funda- 
mental frequency the split bands are separated by an interval of the order 
of 10 Mc/s; the structure of the splitting is repeated in the second harmonic 
where the distance between the sub-bands is twice as great (about 20 Mc/s). 
In many cases both the split bands of each harmonic component are 
identical; sometimes, however, they differ considerably in the width of the 
frequency spectrum, intensity, etc. Although in each burst the variation 
in the magnitude of the splitting is slight the available data when taken 
altogether. indicate that the degree of splitting increases with the fre- 
quency: if the splitting is about 5 Mc/s at 30 Mc/s it rises to 18 Mc/s at 
80 Mc/st (Roberts, 1959a; 1959b; see also Maxwell and Thompson, 1962). 

The fine structure of the type II bursts is not limited to longitudinal 
splitting of the bands in the dynamic spectrum that belong to the individual 
harmonic components. Haddock (1958, 1959b) and Roberts (1959a, 1959b) 
(see also Maxwell and Thompson, 1962; Sheridan, Trent and Wild, 1959) 
have observed cases when during outbursts the dominant feature of the 
dynamic spectrum was a rapid sequence of short-lived, wide-band bursts 
with a rapid frequency drift. These bursts can be included in type III (see 


+ It must be pointed out that this “backwards” predominance of the radio emission 
for the second harmonic does not apparently occur for all type II bursts. This is indi- 
cated by the fact that for the bursts studied by Roberts (1959a) sharply defined details 
of the dynamic spectrum of the first harmonic appeared approximately 1 sec later than 
the corresponding features of the second harmonic. This lag is probably caused by the 
difference in the group velocities of the first and second harmonic radio emission; if the 
second harmonic here were observed in reflected beams the fundamental frequency 
would be expected to be ahead of the second harmonic instead of lagging behind (in this 
connection see section 14). 

ł It is not excluded that the appearance of three bands (whose frequencies were in 
the ratio of 2:3:4) during the event of 25 April 1956 may also be connected with the 
presence of splitting. From this point of view the two high-frequency bands are the 
second harmonic split into two sub-bands, whilst the low-frequency band belongs to 
the first harmonic, being one of its split components; the second component extends 
beyond the working limit of the radio spectrograph. The frequency ratio (3:4) in the 
split bands of the second harmonic must then be recognized to be random, although 
the magnitude of the splitting (~ 25 Mc/s) is slightly higher than that generally observed 
in type II bursts (Roberts, 1959a). 
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section 14). They appear first in a narrow spectral range drifting from 
high to low frequencies at a rate typical of type II bursts; then the type III 
bursts in the process of drifting in both directions (towards the low and 
the high frequencies) diverge rapidly, going away from this spectral range. 
On the whole the dynamic spectrum of this kind of event, which we shall 
call a type II burst with a type III fine structure,t is of the form shown 
in Fig. 50a. In the last stage of the development of this event (21-57 
to 252-5™ universal time) the radio emission of the type II burst disappears 
and the narrow-band, slowly drifting part of the spectrum exists only as a 
“separator” between rapidly drifting elements diverging in two directions 
towards the low and the high frequencies. 

These elements are apparently independent in time and in any case do 
not appear in pairs. More often only half the fine structure is observed, 
namely the part of the rapidly acting bursts which leaves the slowly drifting 
band in the dynamic spectrum towards the low frequencies.+ Examples 
of dynamic spectra of events of this kind are shown in Fig. 50b. The dy- 
namic spectrum of the event of 18 December 1958 with a type III fine 
structure at the last stage of development of the type II burst is also 
interesting in that it was received over a wide range of wavelengths includ- 
ing part of the decametric band.§ Type II phenomena appear very rarely 
here: generally a slowly drifting burst starts only at frequencies of 175 Mc/s 
or less (Maxwell and Thompson, 1962). The range of frequencies covered 
by each type III element is comparatively small and amounts fo 10-` 
50 Mc/s; the “life” at one frequency and the rate of drift may also differ 
slightly from the corresponding values characteristic of ordinary type III 
bursts. n 

The fine structure under discussion is the predominant feature of the 
dynamic spectrum only in very rare cases; however, in about 20% of the 
type II events this feature can be observed in part of the burst, although 
in a less clear-cut form than in Fig. 50. The type III fine structure is not 
excluded from being more widespread in type II events but it cannot be 
resolved on many recordings of the dynamic spectrum of the radio emission. 


+ In the papers by Roberts (1959a and 1959b) this type of burst feature is called 
“herring-bone structure”; generally speaking it is observed at the fundamental and sec- 
ond harmonics. 

į Haddock (1959b) observed as well as the fine structure—type III bursts drifting 
from high to low frequencies—groups of U-bursts superimposed on the type II bursts 
(U-bursts are a variety of type III in which the drift to the low frequencies reverses 
during the burst’s development; for further detail see section 14). The duration of each 
group is less than 30 sec, the return frequency being about the same for all the bursts 
in a group. 

§ For observations of bursts in this range see Sheridan and Trent (1961), Sheridan 
and Attwood (1962), Maxwell and Thompson (1962), Warwick and Warwick (1959). 
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Haddock (1959b) has even assumed that rapidly drifting elements that are 
limited in frequency act as the basic component of the complex phenome- 
non which was previously fixed as a simple spectral type II event. 


FREQUENCY DRIFT AND ITS INTERPRETATION 


A study of the dynamic spectra of type II bursts has shown (Roberts, 
1959a) that in the process of frequency drift these phenomena may cover 
a range of the order of hundreds of megacycles per second. Generally a type 
II burst starts almost simultaneously at the first and second harmonics, ap- 
pearing suddenly at frequencies lying for the most part below 80 Mc/s (for 
the first harmonic). Sometimes the development of a type II burst suddenly 
and almost simultaneously ceases at a certain frequency below 40 Mc/s, 
sometimes reappearing at lower frequencies in the regions of the dynamic 
spectrum which are a continuation of the harmonic bands of the preceding 
radio emission. 

The general impression is that generation conditions in the corona 
for type H bursts are realized only in certain frequency intervals connected 
by a ratio of 2:1 for the second and first harmonics at periods of time that 
are the same for both harmonic components. Since, as follows from what 
will be said later, the frequency drift of type II bursts can be explained by 
the motion of an agent from the region of a chromospheric flare through 
the corona, it follows from what has been said that the conditions for the 
generation of type II bursts are satisfied only at a high enough altitude in 
the corona. The appearance and disappearance of type II radio emission 
is in all probability connected with a change in the generation conditions 
and not in the the propagation of the radio waves from a source moving 
in the corona, since the difference in the propagation conditions of the 
first and second harmonics will then not allow us to explain the simul- 
taneous appearance and disappearance of the radio emission at the har- 
monic frequencies. 

The graph in Fig. 51 (Roberts, 1959a) shows data on the rate of fre- 
quency drift of twenty-four type II bursts. These bursts have a clear-cut 
second harmonic; however the values shown on the graph for the fre- 
quency drift rate df/dt relate only to the first harmonic. Lines mark the 
values of df/dt at different frequencies for one burst; if for a given burst the 
rate is measured only at one frequency the value obtained is marked with 
a plus sign. According to the figure the mean rate of frequency drift de- 
creases (in absolute magnitude) from 0-35 Mc/s? at a frequency of 90 
Mc/s and up to 0-04 Mc/s?. The scatter of the values of df/dt also 
decreases with the frequency but the relative dispersion of the observed 
rates remains more or less constant. 
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Generally speaking there are several possible causes for the observed 
frequency drift (Payne-Scott, Yabsley and Bolton, 1947; Wild, Roberts 
and Murray, 1954; Wild, 1950b; Takakura, 1954); the question is which 
is the determining one. 
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Fic. 51. Rate of frequency drift df/dt as a function of the first harmonic 

frequency f for type II bursts. The dotted curves show df/dt as functions of f 

for agents moving radially away from the Sun at fixed velocities V, (Roberts, 
1959a) 


Above all the drift may be principally a consequence of the difference 
in the group velocity of the radio waves at different frequencies as the radio 
emission passes through the coronal plasma. At the same time the drift 
will occur if the frequency of the radio emission when a type II burst is 
generated is determined by the parameters of the coronal plasma (the 
magnetic field strength, the electron concentration, etc.) in the region occu- 
pied by the source. In the latter case we can imagine two models of the 
burst emission. In the first of them the agent that excites the type IT bursts 
moves through the solar corona; in this case the frequency drift is explained 
by the change in the parameters of the corona in the layers through which 
the exciting agent passes. In the second the source of the burst during its 
development does not show any systematic displacement; the plasma 
parameters in the region of the source which determine the frequency of 
the radio emission vary; for example, because of the expansion of the 
dense ionized cloud in the corona. 

In this connection it should be noted above all that a group lag cannot 
be used to explain the drift of type II bursts, since the difference in the 
times of arrival of type II bursts at frequencies the difference between 
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which is Aœ ~ œw, is minutes and tens of minutes, whilst the difference 
of the lag times in this case (as the estimates given in section 22 show) is 
not more than seconds and fractions of a second. As for the possibility of 
explaining the drift based on the assumption of the radio emission fre- 
quency being connected with the plasma parameters, the first model (the 
agent moving in the corona) has from the very beginning (Payne-Scott, 
Yabsley and Bolton, 1947) seemed to be preferable to the second (the 
immobile source). In its favour was the connection of the type II bursts 
with the eruptions of material from the region of the flares and with the 
solar corpuscular streams which cause magnetic disturbances on the Earth 
1 or 2 days later than strong type II bursts (see section 17). Finally the cor- 
rectness of the first model was confirmed by the direct interferometer 
observations of Wild, Sheridan and Trent (1959) about which we shall 
speak a little later. 

The absence of noticeable polarization in type II bursts renders highly 
improbable the assumption that there is a connection between the fre- 
quency of the radio emission and the frequency drift and the magnitude 
and variation of the magnetic field strength in the corona. Therefore 
currency has been given (Wild, Murray and Rowe, 1954; Payne-Scott, 
Yabsley and Bolton, 1947; Wild, 1950a; Shklovskii, 1946; Martyn, 1947) 
to another point of view according to which the frequency of the fun- 
damental harmonic of the radio emission is determined by the value of 
the electron concentration N in the corona, being close to the charac- 
teristic parameter of the coronal plasma—the characteristic frequency of the 
oscillations œ; = (4me2N/m)"? in the region where the type II bursts are 
generated (plasma hypothesis). Since the electron concentration in the 
corona decreases as one moves away from the photosphere the frequency 
drift will be towards the lower frequencies if the agent is moving away from 
the Sun and, vice versa, the frequency starts to rise when the agent is 
moving in the opposite direction. 

For type II bursts the first case is generally realized. However, according 
to data obtained by Roberts (1959a) during the development of the burst 
of 5 April 1957, the drift towards the low frequencies was replaced by 
the opposite; the frequency drift rates of both the first and second phase 
of the burst was typical for type II radio emission.t This event, which 
is similar to the often observed type III U-bursts (see section 14), can 
be explained in all probability by the fact that the agent causing the 
radio emission first moved into the external layers of the corona and 


+ There are certain indications that another one or two type II bursts have had this 
kind of dynamic spectrum. 
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then, having reached a certain maximum altitude, began once more to 
approach the photosphere. 

If the frequency of the first harmonic radio emission of type II bursts is 
really close to the characteristic frequency of the coronal plasma, then, 
by giving a definite distribution of the electron concentration in the corona, 
it is not hard to estimate the altitude at which the source of the radio 
emission is at any time, and the known rate of frequency drift can also 
be used to find the velocity of the agent (to be more precise, its component 
along the gradient of the concentration in the corona). 

In actual fact if the electron concentration in the generation region is 
the same as the concentration N in the corona in the absence of an agent 
causing type II bursts, then 

w? = w? = ENRI. (13.1) 

m 
where the radius-vector R(t) characterizes the position of the source of the 
radio emission at the time ¢. Differentiating the relation (13.1) with respect 


to time we obtain: 


By 4 OR (eraa N 


dR 
oF = = ). (13.2) 


dt 
Denoting the angle between the directions of the electron concentration 


gradient in the corona grad N and the agent’s velocity V, = dR/dt by } 
and remembering that 


graa NÈ = |grad N |-| V,| cos 8, 


we find from (13.2) that the projection of the agent’s velocity onto the 
direction grad N is 


CA 
N dt 
| F,| cos 8 = 2T gad NI (13.3) 


Here df/dt is the frequency drift rate; the concentration N for a given fre- 
quency f = @/27 can be determined from the relation (13.1). 

If the distribution of the electron concentration in the corona is radially 
symmetrical, then N(R) = N(R), where R is the distance from a given 
point in the corona to the centre of the Sun. In this case the grad N runs 
along the radius towards the centre of the Sun and | V, | cos @ is the radial 
component of the agent’s velocity 


af 
N dt 
Vsr ~ 2 Terad grad N| . (13.4) 
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We notice that the V,, obtained in this way is negative if the source of 
the radio emission is moving away from the Sun. 

By using the formulae (13.1) and (13.4) it is easy to estimate the velocity 
of a source of radio emission V,z and its distance from the Sun at the 
time a frequency f is generated at the first harmonic. For example, the 
frequency f ~ 8X10? c/s corresponds to a concentration N ~ 8X107 
electrons/em*, which is reached under the conditions of a stationary 
Baumbach—Allen corona with values of R ~ 1-2R, (see Table 2). Then 
by making the drift rate df/dt 210° c/s? in absolute magnitude and 
remembering that in the layers of the corona where N reaches these values. 
]grad N] ~ 8X107% electrons/cm?, we find V p ~ 5X10? cm/sec = 
500 km/sec.t Velocities of the same order are given by the calculations. 
of Roberts (1959a) for the type II bursts whose frequency drift rates are 
shown in Fig. 51. The majority of bursts have velocities V,, between 300 
and 700 km/sec and only a few bursts 800-1100 km/sec. A radial velocity 
of about 500 km/sec must be considered typical for type II bursts. 

A clear idea of the magnitude of V,p obtained on the basis of (13.4) 
can be obtained by comparing the observed dependences of the fre- 
quency drift rate df/dt on the frequency with the corresponding depend- 
ences obtained from the relation (13.4) for a series of values of the agent's 
velocity V,,. Similar curves for the electron concentration given by the 
formula (1.1) and for values of V,, from 300 to 1000 km/sec are shown 
in Fig. 51 by a dotted line. 

Values of the altitude of sources above the level of the photosphere 
during the development of three type II bursts are shown by dots in Fig. 52. 
These dots relate to bright features of the second harmonic in the dynamic 
spectra of these bursts; they were found by means of the relation 


2NŅ\ 1 
Ow 207 = (5) 2 
m 


(13.5) 
(which is valid witbin the plasma hypothesis for the second harmonic) 
and the distribution N(R) (1.1). Since the values of the altitudes of the 
sources above the photosphere are located approximately on straight 
lines in the figure it is clear that within the framework of the assump- 
tion (13.5) for the chosen type of electron concentration distribution 
in the corona there is little change in the radial component of the velocity 
during the burst’s development. This is also true for the majority of the 
bursts in Fig. 51. Certain bursts, however, show a noticeable variation in 


+ A value of the same order is obtained if we allow for the lag time of the type II 
burst (in observations at a fixed frequency) relative to the start of the flare accompanying 
the burst. 
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the velocity V,,; they sometimes may increase by a factor of more than 
2 (Roberts, 1959a; Wild, 1950a). 

In this connection it should be noted that (as the optical observations 
show) the material ejected from a flare in a number of cases is also accel- 
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Fic. 52. Altitude 4 above photosphere of generation sources as a function of 

the time ¢ during development of three type H bursts: (a) 11 September 1957; 

(b) 22 November 1957; (c) 6 December 1957 (universal time) (Roberts, 
1959a) 


erated when moving in the corona, although even if the relations (13.1) and 
(13.5) are valid the values of the velocity V,, found from the frequency 
drift and the nature of its variation in the movement of the agent in the 
corona cannot have any great significance ascribed to them because of the 
large variations in the distribution of the electron concentration above the 
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active regions. In addition the value of N in the generation region is ap- 
parently affected by the agent causing the bursts. Therefore calculations 
of the altitude of sources of radio emission and their velocities from radio 
spectrographic data are significant in the best case only as estimates of 
the order of magnitude. 

At the same time the correctness of the general idea of the connection 
of the frequency drift of type II bursts with the motion of the radio emis- 
sion’s source in the corona is confirmed by interferometric determination 
of the position of the radio emission on the Sun’s disk in the 40-70 Mc/s 
range of frequencies for two type II events (Wild, Sheridan and Trent, 
1959).t In both the cases investigated the position of the local source of 
type II radio emission at a fixed frequency remained approximately con- 
stant for the whole of the burst’s existence, whilst in measurements at 
successively decreasing frequencies the source showed a systematic dis- 
placement relative to the Sun’s disk. Since the frequency f corre- 
sponding to the maximum of the radio emission’s spectral intensity varies 
during the development of the burst it follows that the generation region 
of this frequency moves in the corona at a velocity whose component in 
the east-west direction is 


dô d; 
View = F T Ree. (13.6) 


Here the derivative d0 /df characterizes the angular variation in the position 
of the source on the disk in the above-mentioned direction when the fre- 
quency changes and df/dt defines the frequency drift rate (Rg _, is the dis- 
tance of the Sun from the Earth). 

In one case (7 July 1958) the type II burst, which appeared around the 
central meridian near a chromospheric flare, moved over the Sun’s disk 
at a velocity of about 250 km/sec. In another case (26 June 1958) a class 
2 flare localized near the limb was connected with a complex event whose 
first phase belonged to spectral type II; the radio emission in the second 
phase could be placed in type IV. The results of measuring the source 
position (with an accuracy of +4’), the polarization of the radio emission 
and the dynamic spectrum of this event are shown in Fig. 53. The velocity 
component found from the data obtained for the source of a type II 
burst moving away from the Sun as the frequency decreases is about 
2000 km/sec. This value is far greater than the radial velocity obtained 
from the data on the frequency drift rate by means of the relation (13.4) 


+ During these observations only one of the source coordinates (in the east-west 
direction) was determined. For the method of measuring the position of a source of 
radio emission using a variable-frequency interferometer see section 5. 
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and the Baumbach—Allen formula (about 500 km/sec for the burst of 26 
June 1958). This difference is apparently a real one; if the relation (13.1) 
corresponds to the actual facts it can be explained by the fact that the 
gradient of the electron concentration in the corona is a few times less 
than that taken for the calculations (in this connection see Moiseyev, 
1960 and 1961). 

When investigating the nature of the agent whose motion in the corona 
stimulates the appearance of type II radio emission the first thought is to 
identify this agent with surge prominences which are injected into the 
corona from the region of a chromospheric flare. Phenomena of this kind 
can often be visually observed (generally in the H, line) in a broad class 
of flares (see section 2). 

According to the observational data of Maxwell, Howard and Garmire 
(1960), which are very incomplete and are by way of being preliminary, 
the appearance of prominences of the surge type is sometimes con- 
nected with type II bursts. In all cases when it was possible to establish 
the velocity of the material injected it did not exceed 250 km/sec. 

To study the connection between optical events and type II bursts 
simultaneous observations were also made by Giovanelli and Roberts 
(1958, 1959) of the dynamic spectrum of the radio emission and phenomena 
near the limb of the Sun were photographed in the H, line. As a result 
information was obtained on several type II bursts connected with promi- 
nences ejected at the edge of the disk; data on one of these events are given 
as an example in Fig. 54. Since all the bursts had only one harmonic band 
it is difficult to decide whether the radio emission received belonged to the 
first or second harmonic. Reception of only the second harmonic cannot 
be considered excluded since the generation sources were in the immediate 
vicinity of the limb where the effect of refraction in the corona above all 
limits the escape of the radio emission at the fundamental harmonic. If 
we assume that radio emission occurs at the first harmonic, then within 
the framework of the plasma hypothesis (13.1) for the Baumbach—Allen 
model of the corona the time-dependence of the altitude of the generation 
source will be of the form shown in Fig. 55a. For the second harmonic 
(13.5) this dependence will obviously be slightly different (see Fig. 55b). 

By comparing the dependences of the altitude of the radio emission 
source on time in these figures with the corresponding data for the ejected 
prominence it is easy to check that, if the observed radio emission belongs 
to the second harmonic, the dependence obtained for the phenomenon in 
the radio band is a direct extension of the corresponding dependence in the 
optical range. In other cases, however, better agreement is obtained if the 
radio emission is ascribed to the fundamental harmonic. 
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The data given would appear to confirm the idea that the agent causing 
type II bursts is prominences ejected from the region of flares. It should, 
however, be noted that the agreement between the optical and the radio 
observations (Giovanelli and Roberts, 1958 and 1959) looks unconvincing. 
The point is that the position of the region where type II bursts are gener- 
ated was found by the Baumbach—Allen formula (1.1). It is known, how- 
ever, that (see section 1) even in a stationary corona the distribution of the 
electron concentration differs noticeably from that accepted in the model 





b105 km h10", km 
$ 8 
3 6 
i ro $ S 
j Prominence KLOS ; À KA 
1 4 
1 p a 2 Prominence Type A burst 
f N Type I burst 
0 
020" oao™ too  o"20" oro" too” 
{a) (b) 


Fic. 55. Dependence of altitude of prominence and altitude of radio emission 

source above photosphere k on time ¢ for the event of 1 March 1957: (a) if 

the radio emission belongs to the fundamental harmonic w ~ wz; (b) if the 

radio emission comes from the second harmonic w ~ 2w, (Giovanelli and 
Roberts, 1958) 


(1.1), not to mention the values of N above the centres of activity. In addi- 
tion, in estimates of the velocity V,, from the magnitude of the frequency 
drift no allowance is generally made for the variation in the concentration 
N in the generation region which is introduced by the agent causing the 
type II bursts. This variation may be quite significant (see section 31). 
In one way or another the absence of any noticeable directional properties, 
about which we spoke earlier, indicates that N deviates considerably from 
the values in a stationary corona. We also note that the ejection of prom- 
inences into the corona is a far more frequent event than the appearance 
of type II bursts, whilst the velocities of eruptions of this kind (Warwick, 
1957; Giovanelli and Roberts, 1958 and 1959) are far lower than the veloci- 
ties obtained by Wild, Sheridan and Trent (1959) by direct observations of 
the displacement of a source of type II radio emission connected with a 
flare near the Sun’s limb. 

A weighty argument against the type II bursts being connected with 
prominences of the surge type is the very fact that the motion of the latter 
is often reciprocating in nature: having risen to a certain altitude in the 
corona the ejected matter once again approaches the solar surface at 
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approximately the same velocity. During this type of prominence motion 
the type II bursts should change the sign of the frequency drift rate but 
this is not usually observed. 

At the same time surges of material from flares undergoing a stage of 
sudden expansion (an “explosive” phase, see section 2) have velocities of 
the order of 1000-2000 km/sec.f A comparable velocity is found in cor- 
puscular streams which cause on Earth magnetic storms with a sudden onset 
and aurorae | to 3 days after the chromospheric flares. The features of 
these geoeffective streams and their connection with the solar activity (in 
particular with types II and IV radio emission) will be discussed in detail 
in section 17. As a whole the impression is created that there is a continu- 
ous chain of events starting with a chromospheric flare and finishing with 
geophysical phenomena like the magnetic storms and aurorae. The con- 
necting link between these events is the corpuscular stream (plasma bunch) 
which is ejected from the flare region and moves at a velocity of thousands 
of km/sec. During its passage through the corona this stream excites radio 
emission of spectral types II and IV.t 


14. Type ill Bursts 


GENERAL CHARACTERISTICS 


In the absence of type I noise storms the majority of sufficiently intense 
bursts of solar radio emission in the metric band belong to spectral type 
III. The dynamic spectra of this sporadic component given in Figs. 56 
and 57 are similar in general features to the spectra of type II bursts: they 
also consist of one or two bands at frequencies in the ratio of 1:2, the 
maximum of the spectral intensity of the emission drifting in time (gener- 
ally towards the low frequencies). The basic difference of type III bursts 
from type II bursts consists in that the former develop more rapidly by a 
factor of two orders. Therefore the basic characteristics of type III bursts 
can be obtained from the corresponding values for type II by changing 


+ In section 2 one of the arguments adduced in favour of ejection from the flare 
region of agents moving at a velocity of the order of 10° km/sec was the cases of reforma- 
tion and destruction after a corresponding time of filaments located at great distances 
from the flare. A similar phenomenon also occurs in the radio band: after microwave 
bursts connected with chromospheric flares in a number of cases (4-8 min later) a rise 
has been observed in the radio brightness of regions on the disk at a distance of up to 
one solar radius away from them (A = 21 cm). This lag corresponds to a velocity of 
1000 or 2000 km/sec (Mullaly, 1961). 

t The source of the type IV radio emission moves in the corona at a velocity which 
is approximately equal to the velocity of the displacement of the region in which type 
II bursts are generated (see section 15). 
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the time scale—by reducing it by a factor of about 100. In actual fact the 
life of type II bursts is a few minutes or tens of minutes and the 
frequency drift rate is fractions of a Mc/s*; for type III the duration 
at a fixed frequency is 3-15 sec and the drift is about 10-30 Mc/s?. 
The “instantaneous” width of the frequency spectrum of rapidly drift- 
ing bursts of this kind is 10-50 Mc/s, but may be as much as 100 Mc/s 
(Wild and McCready, 1950; Wild, Murray and Rowe, 1954; Wild, 
1960a; Bracewell, 1955 and 1956; Wild, Roberts and Murray, 1954; Wild, 
Sheridan and Neylan, 1959). 


Frequency, Mc/s 





Fic. 57. Typical dynamic spectra of individual type III bursts (schematic) 
(Wild, Murray and Rowe, 1954) 


Type III bursts appear in isolation or in groups containing up to ten 
elements; the duration of groups of this kind is of the order of a minute. 
At times type IIT bursts enter into the composition of type ITI burst storms 
lasting for hours which consist of intermittent, interrupted sequences of 
bursts covering a wide range of wavelengths and appearing at a frequency 
of 10-100 bursts per hour. Both classes of burst storm (types I and III) 
may appear independently; cases are known, however, when they have. 
accompanied each other (Wild, 1957). 

Bursts at the longer wavelengths (in the decametric band) are for the 
greater part a low-frequency extension of type III bursts observed at 
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metric wavelengths. This is shown by a comparison of recordings of the 
solar radio emission intensity at f = 18 Mc/s with dynamic spectra in the 
25-580 Mc/s range and by spectrographic observations at frequencies of 
15-33 Mc/s (Boishot, Lee and Warwick, 1960). The low-frequency part of 
the bursts lasts longer than the high-frequency part: if the “life” of a type 
III event at metric wavelengths is up to 10 sec, in the decametric band it is 
of the order of half a minute and shows a tendency to increase with the 
wavelength. 

The time lag in the arrival of bursts at low frequencies (16 Mc/s) relative 
to the higher ones (33 Mc/s) is always less than the duration of the burst. 
In some cases the time shift is of the order of 5 sec or more; for other 
bursts this shift is so small that it cannot be found on the recordings avail- 
able. 

The start of type III bursts generally occurs in the metric band, although 
they sometimes appear first at decimetric wavelengths and then drift to- 
wards the low frequencies (Malville, 1962). To judge from preliminary 
spectrographic observations (Rabben, 1960) in the 48-165 Mc/s range this 
limit depends on the intensity of the burst and the frequency drift rate: as 
the latter increase a tendency is found for the upper limit of the frequency 
range in which the type III burst appears to rise. Indications have also been 
obtained of the presence of a positive correlation between the drift rate 
and the intensity of the radio emission (Rabben, 1960). 

According to Maxwell, Howard and Garmire (1960) the magnitude of 
the radio emission flux at 10 Mc/s of several thousand type III events 
observed in 1956-7 were distributed as follows: slightly more than half of 
all the groups of bursts came in the range (5-40) X 10-22 W m~2 c/s7}, 
about a third in the range (40-200) x 10-22 W m~? c/s~3, and only in one- 
sixth of the cases did the radio emission flux exceed 200 X 10-22 W m~? c/s7}. 
‘The maximum value of the flux during type III events may reach 10718 
W m~2c/s—! (Goldstein, 1959; Wild, Sheridan and Neylan, 1959), which 
corresponds to an effective temperature of Toso ~ 10!°°K when reduced 
to the Sun’s disk. This value is ~ 104 times greater than the corresponding 
value of T.¢ for the “quiet” Sun at metric wavelengths. 

Interferometer measurements of the angular size of local sources of type 
III radio emission indicate that the sizes are greater than the diameter 
of the accompanying flares and average 8-9’ at a frequency of 55 Mc/s. 
The diameter of the radio-emitting region does not remain constant: it 
‘decreases as the frequency rises approximately from 10’ at f = 45 Mc/s 
to 6’ at f = 65 Mc/s (Wild and Sheridan, 1958; Weiss and Sheridan, 1962). 
Still lower values of the angular size (down to 3’) are obtained in the 
105-140 Mc/s range (Goldstein, 1959). 
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If we take account of the values given above for T,,,. during type III 
bursts and the values of the angular sizes of the local sources, it turns out 
that the effective temperature T,, of the sources reaches 104 °K in certain 
cases. 

Two harmonic bands with a frequency ratio of approximately 2:1T are 
observed only in a few percent of high-speed bursts, i.e. far more rarely 
than in type II events (Wild, 1960a; Bracewell, 1955 and 1956). This is 
apparently partly connected with the fact that in dynamic spectrum record- 
ings it is difficult to resolve a type III burst into two bands because of 
the great width of the “instantaneous” frequency spectrum. In addition, 
it is not excluded that in some type III bursts only second harmonic 
(without the first) radio emission is observed, since the latter because of the 
directional nature of the radio emission cannot always be received on 
Earth (see below). 

The intensity of the second harmonic in the cases when it is observed 
together with the first is often comparable with the intensity of the funda- 
mental harmonic but is mostly less than it. In ordinary type III bursts a 
third harmonic is not found; all that can be said is that its intensity is 
less than 0-1 of the corresponding value for the second harmonic (Wild, 
Murray and Rowe, 1954; Wild, Roberts and Murray, 1954). Certain indi- 
cations of the existence of higher harmonics have been obtained in observa- 
tions of one of the varieties of type III bursts—the so-called U-bursts 
about which we shall speak later. 

We notice that in type III bursts the same tendency is observed for 
mutual positioning on the Sun’s disk of sources of the fundamental and 
second harmonics as for type II bursts (Smerd, Wild and Sheridan, 1962) 
(see section 13). Amongst six type III phenomena investigated in two 
bursts the sources of the second harmonic were closer to the centre than 
the sources of the fundamental harmonic, in three bursts the sources coin- 
cided, and in only one burst was the location of the sources the opposite 
(although it was this very positioning of the sources which was to be 
expected with the measurement method used? if the positions of the sources 
of radio emission at the frequencies f and 2f were the same). Although the 
results for type III bursts proved to be less definite than for type II events, 
it may be noted here that in many cases it is not the radio-emission 
generation region that is apparently observed at the second harmonic 
but its image in radio rays reflected from the deeper lying layers of the 
solar corona. 


+ In type II bursts the frequency ratio shows more scatter than for type II events; 
in the majority of bursts, however, this ratio is close to 1-8-2-0 (Stewart, 1962): 
ł For the method of observations of this kind see section 13. 
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A possible explanation of this effect will be given in section 31. All we 
shall say here is that this feature of the second harmonic radio emission 
agrees with the time lag of the second harmonic relative to the first (of 
2-4 sec) observed for many bursts. It is true that for certain type III 
phenomena instead of a lag there is a time lead of up to 2 sec; the latter 
may be caused by a lower group velocity of the fundamental harmonic 
radio emission in the corona provided that it is the actual source of the 
second harmonic that is observed and not its reflection (Stewart, 1962). 


POLARIZATION OF BURSTS 

The combined polarization and spectrographic observations made by 
Komesaroff (1958)t showed that about half the type III bursts are not 
polarized (i.e. the degree of polarization is known to be less than 25°%—the 
sensitivity threshold of the polarimeter used). The remaining type TII 
bursts show quite strong polarization: the degree of polarization varies 
between 30% and 70%. In the general case the polarized component is 
elliptical; the form of the ellipse varies within wide limits. The appearance 
of circular or quasi-circular polarization is more probable, however. The 
type III bursts that appear in the course of a day generally have the same 
sign of rotation, which is the same as the sense of the rotation of the type I 
bursts observed at the same time. Some of the bursts that have a second 
harmonic are also polarized, but the degree of polarization at the funda- 
mental frequency is higher than at the second harmonic. There is a basis 
for saying that the polarization effect observed is an objective characteristic 
of type III bursts and not a consequence of the differing absorption of 
ordinary and extraordinary waves in the Earth’s ionosphere or the recep- 
tion of radio emission reflected from the Earth’s surface. 

These results are basically confirmed by Cohen’s data (Cohen and 
Fokker, 1959); he also observed weak elliptical and linear polarization in 
some type III bursts at 2 = 1:5 m. His polarimeter operated in a narrow 
frequency band (10-18 Mc/s) and had a higher sensitivity than in the ex- 
periments of Komesaroff (1958). Just as in the latter case a radio spectro- 
graph was used to check the type of burst. For the three groups of bursts 
studied in detail the degree of polarization 9 was 5-30% and the ratio of 
the axes of the ellipse p varied from a value close to zero to 0°8. 

Further investigations (Akabane and Cohen, 1961; Akabane and Cohen, 
1960) on polarimeters with a broad band of 10 and 20 kc/s in one series of 
observations and of 10 and 300 kc/s in the other showed that a noticeable 


t In these observations aerials orientated at right angles were coupled with a radio 
spectrograph covering the 40-140 Mc/s band. For the method of observations of this 
kind see section 6. 
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part (~1/8) of the strong type II bursts displays linear or elliptical 
polarization in the 10 kc/s band, although circular polarization is a more 
frequent phenomenon. A special study has been made (taking a few dozen 
bursts) (Akabane and Cohen, 1960) of the “degree of coherency” of the 
two circularly polarized components defined as the amplitude of the cor- 
relation function of these components (6.15): 


3 EorEo 
or (LI) 


(see section 6). Knowing the value of g from simultaneous observations in 
two frequency bands we can obtain valuable information on the propaga- 
tion conditions in the corona of radio waves leaving the generation region 
and, in particular, the value of the Faraday rotation of the plane of polar- 
ization in the solar corona (see section 23). 

The measured degree of coherency for the 10 kc/s band Gio does not 
exceed 0-3. The corresponding value Gam for the 20 kc/s band is always less 
than Gio; the ratio Æ 2/G 10+ 0-6-0-8. Lower ratios could not be obtained 
since to do this it is necessary to measure small values of Gr; the latter 
was prevented by the low accuracy of the observations (not better than 
10%). 

A comparison of the results of simultaneous observations in bands 
10 kc/s and 300 kc/s wide led to the conclusion that even in the cases when 
the type II bursts had a significant degree of coherency at 10 kc/s, over a 
wide band ő did not differ from zero by a value exceeding the measure- 
ment error. The estimated upper limit of the ratio of the degrees of coher- 
ency was 0-2-0-5. 

It may therefore be concluded from the above that for intense po- 
larized type IIT bursts at 2 = 1-5 m the degree of coherency between the 
clockwise and anticlockwise components of the radio emission decreases 
as the bandwidth increases; in an interval of the order of. hundreds of 
megacycles these bursts stand out as being unpolarized or weakly circularly 
polarized. 


CONNECTION WITH OPTICAL PHENOMENA 7 
Groups of type III bursts sometimes precede slowly drifting type II 
bursts (generally appearing during chromospheric flares), forming a com- 
plex type II-III event (Wild, Roberts and Murray, 1954). Examples of 
events of this kind can be seen in Fig. 52; their dynamic spectra are shown 
in Fig. 58. In relation to type II radio emission combined phenomena of 
this kind occur quite often: about 60% of the slowly drifting bursts are 
accompanied by type III bursts, preceding the type II by an average of 
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5 min. In this case the groups of type III bursts are “precursors” of type 
II radio emission. A group may include dozens of rapidly drifting elements 
which on the whole carry more energy than the slowly drifting burst 
following it. In the other cases the type III radio emission, on the other 
hand, is relatively weak and consists only of one or two individual bursts 
(Roberts, 1959a). 

The connection between rapidly and slowly drifting bursts can be appar- 
ently explained (Roberts, 1959a; Wild, Roberts and Murray, 1954) by the 
fact that during the ejection from the chromospheric flare of a flux moving 
at a velocity of the order of 10° km/sec and responsible for the generation 
of type II radio emission a second agent is also injected into the corona 
which excites rapidly drifting type III bursts. Since the velocity of the latter 
is very high (of the order of 105 km/sec, as will be clear from what follows) 
this agent precedes the plasma bunch connected with the type II event and 
is the first to reach the high layers of the corona in which generation of 
metric band radio emission occurs. 

It should be stressed, however, that since the type II radio emission is a 
very rare phenomenon the greater majority of type III bursts does not 
make part of type III-II events. Before the work of Lougheed, Roberts 
and McCabe (1957) this part of the rapidly drifting bursts was not con- 
nected with any optical events on the Sun’s disk, thus giving a foundation 
for calling them “isolated” bursts. However, a comparison of the dynamic 
spectra in the 40-240 Mc/s band with ciné photography data of the Sun 
in H, rays allows us to establish that type III bursts (both the individual 
surges and the groups) are closely connected with solar flares. Additional 
arguments in favour of this connection are provided by interferometer 
observations in the 40-70 Mc/s band (Lougheed, Roberts and McCabe, 
1957), due to which the position of the source of the radio emission ac- 
cording to one coordinate is close to the position of the flare on the Sun’s 
disk. The connection of type III with flares is confirmed by the investiga- 
tions of Maxwell, Howard and Garmire (1960), Rabben (1960), Maxwell 
and Swarup (1958). According to Lougheed, Roberts and McCabe (1957), 
Maxwell, Howard and Garmire (1960) and Rabben (1960) up to 60-70% 
of the type III bursts and groups of bursts with an intensity of more than 
510-21 W m~? c/s} appear during solar flares (generally in the first 
stage of development between the start and the maximum of the flare) or 
slightly ahead of them. On the other hand, only about a quarter of all the 
flares correlate with type II emission. This very low percentage indicates 
that there are apparently some features or other whose presence determines 
the appearance of type III bursts. 

-: Fhe extent of the connection of type HI emission with flares changes 
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noticeably over the course of a few days. The flares appearing in some 
active regions show a high degree of correlation, whilst the flares from 
other centres of activity are not connected or are weakly connected with 
rapidly drifting bursts (Lougheed, Roberts and McCabe, 1957; Rabben, 
1960). Apart from the dependence on the centres of activity which, more- 
over, is placed in doubt by Maxwell, Howard and Garmire (1960), the 
probability that a flare is accompanied by type II bursts depends on the 
importance of the flare: only 20% of microflares (i.e. flares of class 1—) 
are accompanied by rapidly drifting bursts, whilst for flares of class 1 and 
over this value increases sharply (up to 60%). However, since large chromo- 
spheric flares are a comparatively rare event the majority of bursts are 
connected with very weak flares (microflares) (Lougheed, Roberts and 
McCabe, 1957). 

The correlation increases slightly for flares with ejections of material 
into the corona (Lougheed, Roberts and McCabe, 1957; Maxwell, Howard 
and Garmire, 1960): about a third of these flares are accompanied by type 
III radio emission, which is one and a half times greater than the corre- 
sponding value for flares without eruptions. It is known that eruptions of 
this kind are found in about a quarter of all flares. 

Part of the flares that are accompanied by the ejection of diffuse material 
passes through a stage of sharp and rapid expansion for about 1 min, 
which is in the nature of an explosion (see section 2). It is this expansion, 
according to Giovanelli (1958 and 1959), that is the characteristic of 
flares with which the appearance of type III radio emission is closely con- 
nected: about 70% of the flares studied (mostly in the 1— class) when 
passing through the “explosive phase” are accompanied (with an accuracy 
of +2 min with respect to the time of the explosion) by rapidly drifting 
bursts. Apparently, during this expansion as well as the slowly moving 
diffuse material (velocity 100 km/sec) a very fast agent responsible for 
creating the radio emission is injected into the corona.t 

The close connection of type III bursts with flares allows us to obtain 
information on the dégree of directivity in the radio emission from the 
nature of the distribution of the chromospheric flares accompanying the 
rapidly drifting bursts over the Sun’s disk. The distribution obtained by 
Maxwell, Howard and Garmire (1960) and Rabben (1960) for the flares 
connected only with strong bursts shows a sharp decrease as one moves 
away from the central meridian indicating that the emission is directional. 
At the same time the flares connected with all the bursts that have been 


+ We recall that the flares passing through the “explosive phase” also eject streams 
with a velocity of the order of thousands of kilometres per second, which cause type II 
bursts as they move through the corona (see sections 2 and 13). 
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observed, both the strong and the weak ones, do not show any similar 
dependence on the distance from the central meridian (Lougheed, Roberts 
and McCabe, 1957; Morimoto and Kai, 1961; Maxwell, Howard and 
Garmire, 1960). The latter authors explain the quasi-uniform nature of the 
distribution in the latter case by the directional effect being masked in 
a large number of bursts and when the frequency of occurrence of bursts is 
high by an increase in the number of random coincidences of bursts and 
flares. 

It is clear from what has been said that the question of the directional 
nature of the type III bursts still awaits elucidation. Directivity is quite 
possible although certain doubts about its existence are raised by the 
fact that the percentage of bursts having two harmonic components not 
only does not decrease with the distance of the radio emission source from 
the central meridian but, on the contrary, even increases. In the case of the 
directional radio emission chiefly occurring in the reception of the funda- 
mental harmonic, this harmonic should be expected to be observed 
mostly in the bursts that appear in the central part of the Sun’s disk; 
in this case the bursts a long way from the centre will start to contain 
only one component—the second harmonic. 

-At the same time the number of bursts connected with type III bursts 
is about one and a half times greater on the eastern than on the western 
side of the disk (Lougheed, Roberts and McCabe, 1957; Maxwell, Howard 
and Garmire, 1960; Wild, Sheridan and Neylan, 1959; Rabben, 1960). 
The east-west asymmetry for outbursts connected with chromospheric 
flares had been noted earlier from the data of observations at a fixed 
frequency (Hey, Parsons and Phillips, 1948; Hey and Hughes, 1955). 
It is possible that this effect is caused by the “non-symmetrical” nature of 
the refraction in the solar corona brought about by the east-west asymmetry 
in the electron distribution above the active regions of the corona (Hey and 
Hughes, 1955). From this point of view it becomes understandable why 
there is no east-west asymmetry for type III bursts that have been observed 
at higher frequencies (250-580 Mc/s) where the effect of refraction in the 
corona becomes insignificant (Maxwell, Howard and Garmire, 1960). We 
note that east-west asymmetry has also been observed for the sources of 
type I noise storms (Suzuki, 1961); in the latter case, however, the greater 
number of sources was not on the eastern but on the western half of the 
Sun’s disk. 
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POSITION AND MOVEMENT OF AN EMITTING REGION IN THE CORONA. 
FREQUENCY DRIFT OF BURSTS 


The observations of Wild, Sheridan and Trent (1959), Wild, Sheridan 
and Neylan (1959) on an interferometer with frequency tuning showed 
(see also Goldstein, 1959) that the position of the source of type III radio 
emission at a given frequency remains constant with an accuracy of up to 
1’ for the whole life of an individual burst. However, the radio emission 
at the different frequencies comes from different regions; this effect is 
particularly noticeable in rapidly drifting bursts connected with flares 
that appear near the Sun’s limb. 

The above can be clearly seen in Fig. 59, where the positions of the 
sources of eight type III bursts at 45-60 Mc/s are marked by short lines. 
Since during the measurements the source of the bursts was localized in 
only the one coordinate 6 (in the east-west direction), all that can be said is 
that the sources of the radio emission are located on lines which are exten- 
sions of these sections. The latter indicate the position of the radio emission 
source if the sources are located on an extension of a solar radius passing 
through the chromospheric flare connected with the burst. It is clear 
from the figure that the radio emission is generated at a considerable 
altitude in the corona since the source of the bursts is a long way outside 
the bounds of the Sun’s disk. 

From Fig. 59 and the nature of the distribution of the number of sources 
with respect to their distance from the centre of the disk at a frequency of 
60 Mc/s it may be concluded that a radio emission source at this frequency 
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Fic. 59. Positions of eight sources of type III bursts at frequencies of 60, 

55, 50 and 45 Mc/s. The fiares connected with the bursts are marked by 

small circles on the Sun’s disk. At the top of the drawing are given the levels 

in the corona responsible for emission at frequencies of 60-45 Mc/s in the 

Baumbach-Allen model of the corona and calculated on the assumption 

that the observed radio emission is either the fundamental or second har- 
monic (Wild, Sheridan and Neylan, 1959) 
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is at a distance of 0g0Rs_, < 1:66R, from the centre. It follows from this 
that type HI radio emission with a frequency of 60 Mc/s is generated at a 
level located in the corona at a distance Reo ~ 1-66R, from the centre 
of the Sun. It is important to note that the radio emission at f = 45 Mc/s 
comes from a region located on an average 0-34R, further from the centre 
of the disk than the emission at 60 Mc/s (Rus ~ 2-00R,; see Fig. 59). The 
decrease in the generated frequency as the source gets further away from 
the solar surface is confirmed by interferometer observations of the coordi- 
nates of the regions in which type III emission is generated at frequencies 
of 19:7 Mc/s (Shain and Higgins, 1959) and 200 Mc/s (Morimoto and 
Kai, 1961). Here the distances from the sources to the centre of the Sun 
(2-9R,and 1-25 Ro) were found by comparing the position of the flares on 
the Sun and that of the bursts connected with them (on the assumption that 
the sources on the average are located in the corona radially above the 
flares).t 


o 200 Mc 





Fic. 60. Electron concentration in corona N, as a function of distance from 

centre of Sun R: a—Baumbach-—Allen model of stationary corona (1.1); 

b—Newkirk’s model of active region. Small circles show values of N, ob- 

tained by processing radio observation data on basis of “plasma hypothesis” 
(Wild, Sheridan and Neylan, 1957) 


The distances given considerably exceed those calculated for the Baum- 
bach—-Allen model of the corona on the “plasma hypothesis”, not only 
on the assumption that the radio emission belongs to the fundamental 


+ We note that no allowance was made for refraction of the radio waves in the corona 
when finding these values; its effect does not apparently significantly alter the results 
obtained by Morimoto and Kai (1961), Wild, Sheridan and Neylan (1959), Shain and 
Higgins (1959) (in these connection see the remarks made in section 22). 

t As we have already said in section 13, the basis of the “plasma hypothesis” is the 
statement that the frequency w of radio emission generated in the corona is close to the 
characteristic frequency wz of the plasma oscillations in the generation region (13.1). 
From this standpoint the second harmonic will be twice w, (see (13.5)). 
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harmonic (i.e. œ ~ w,) but also if it isthe second harmonic (w + 2,; 
see Fig. 59). If the “plasma hypothesis” is true, this fact means that in 
the region where type III bursts are generated the electron concentration 
N that determines the characteristic frequency w; of the coronal plasma is far 
greater than that given by the Baumbach-Allen formula and agrees better 
with the model given in section 1 for the corona above active centres, but is 
slightly higher than the latter. This is easily checked by examining Fig. 60 
where the small circles show the concentration values obtained by 
formula (13.1) for the frequencies 200, 60, 45 and 19-7 Mc/s which are 
emitted by sources located at the above-mentioned distances from the centre 
of the Sun, 

Furthermore, it follows from the observations that have been made that 
the type III emission at the lower frequencies appears not only further from 
the photosphere but also later than at the high frequencies. This obviously 
means that during the development of a type III burst the generation region 
moves in the corona. From data on the time of a burst’s appearance and 
the position of the emitting region at different frequencies we can find 
the agent’s velocity component in the plane of the Sun’s disk (from the 
observations of Wild, Sheridan and Trent (1959), Wild, Sheridan and 
Neylan (1959), it is the east-west component). 

An analysis of the distribution of the difference of the coordinates of 
the bursts (04s — 660) in the east-west direction at frequencies of 45 and 
60 Mc/s as a function of the position of the source of radio emission at 
60 Mc/s (i.e. of Os) shows that there is considerable dispersion in this 
quantity. However, the value of 845 — 90 averaged for many bursts varies 
almost linearly as 699 changes, passing through zero when the Oeo coordi- 
nate coincides with the centre of the Sun’s disk. In accordance with what 
has been said the east-west component of the agent’s velocity in the plane 
of the Sun’s disk calculated from the relationt 

645 — O60 


View = Rs_z (14.1) 


tas— feo 
(tas and teo are respectively the times when the type III radio emission 
reaches its maximum intensity at the frequencies of 45 and 60 Mc/s) dis- 
plays a systematic increase as one moves away from the centre of the disk, 
reaching maximum values of the order of 0-5c, where c is the velocity of 
light in a vacuum. 

The features noted in the distribution of 45-690 and V, g w with respect 
to Oso indicate that the assumption of the radial nature of the motion of the 


t Compare with the formula (13.6). 
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agent away from the Sun is on the average quite reasonably valid. Then 
the value of the agent’s total velocity can be estimated from the relation 


n Ras— Reo (14.2) 


y. 
s tas— teo ” 


where the distances R45 and Reo of the sources from the centre of the Sun 
have been found above. 

No allowance has been made in the formulae (14.1) and (14.2) for the 
finite value of the difference in the propagation time of the radio emission 
from the sources of generation at the frequencies of 45 and 60 Mc/s to 
the observer; it is essential to allow for this difference if the velocity V, 
is close to the velocity of light. In the latter case, as can easily be checked, 
instead of (14.2) we must use the formula 


tas—teo = (y; -reos (2) )Ra— Ru), (14.3) 


in the derivation of which it is assumed that the velocity of signal propaga- 
tion in the corona is equal to the velocity of light? (O is the angle between 
the agent’s velocity V, and a line connecting the centre of the Sun with the 
observer). If we putt 


ĝas y Ras sin O, 660 x Reo sin O, 


then the formula (14.3) can be used to find the value of V, from the meas- 
ured values of O60, 045 and f4s— feo; in this case the value of © is determined 
from the position on the Sun’s disk of the flare connected with the type ITI 
event. Jt turned out as a result that for the rapidly drifting bursts investi- 
gated by Wild, Sheridan and Neylan (1959) the velocities V, lie in the 
range between 0-2c and 0-8c with a mean value of V, ~ 0-45c. It is sig- 
nificant that the distribution of the bursts with respect to the velocities 
of their agents is sharply limited at the lower end: velocities of V, < 0:2c 
are not observed. 

On the other hand the velocity of the agent causing type III bursts 
(to be more precise, its radial component V,,) can be estimated on the 
basis of the “plasma hypothesis” by means of the formulae (13.1) and 
(13.4) if we know the frequency drift rate df/dt and state a definite rule for 
the variation of the electron concentration N in the source with altitude 


+ In actual fact this velocity in a plasma is less than c; the corresponding corrections 
to (14.3) are calculated by Wild, Sheridan and Neylan (1959) and taken into considera- 
tion in the estimates of the agent’s velocity V, which are given below. 

t These relations are valid if the source moves in an east-west direction over the 
disk; they can be accepted approximately for all type III events occurring in low helio- 
graphic latitudes. 
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(Wild, 1950b). If we assume that this concentration is close to that deter- 
mined by the Baumbach—Allen formula (1.1), then the values obtained in 
this case are in certain cases 2-5 times smaller than those found from 
interference observations. Generally estimates of this kind lead to values 
of V,2 = 3X104—105 km/sec (Wild, Sheridan and Trent, 1959; Wild, 
Sheridan and Neylan, 1959); the same velocities are also given by Newkirk’s 
estimates for the active region of the corona (Table 2 in section 1) which are 
based on data on thefrequency driftin the 8-41 Mc/s range (Malville, 1962). 

The situation here is just the same as for the type II bursts (section 13). 
It follows from the above discrepancy in the velocity estimates (within the 
framework of the concept of generation of the “fundamental frequency” 
of type III bursts at the œ ~ œ; level, where œ; is the characteristic fre- 
quency of the oscillations of a plasma with a concentration N) that the 
magnitude of N in the generation region and its variation with altitude 
as the source moves in the corona differ from the values in the stationary 
corona, for instance, from the distribution (1.1). 

The latter circumstance is confirmed by the anomalously high position 
of the source of type ITI radio emission in the corona noted above, which 
is apparently connected with the deviation of the electron concentration 
distribution above the centres of activity from those taken in the Baum- 
bach—Allen model. The agent that excites the type III bursts, and is appar- 
ently corpuscular in nature, also has a certain influence on the magnitude 
of N in the generation region. Due to the latter N = N,+N,, where N, 
and N, are the electron concentrations in the corona and in the flux. It can 
be assumed, however, that the part played by the corpuscular flux in the 
variation of the magnitude of N is small in the majority of cases if the 
available and, it is true, very ambiguous data on the directional nature of 
the type III radio emission are confirmed. The point is that this kind of 
directivity cannot be explained if the flux density is greater than the density 
of the corona since the effect of refraction in the corona on the propagation 
of the radio waves from the emission source even at the fundamental 
harmonic (not to mention the second harmonic) will then be slight. When 
the emission is directional for the majority of bursts the agent’s density N, 
should be less than the density of the surrounding corona. In accordance 
with the formula (13.1) for the metric band (f ~ 100 Mc/s) the electron 
concentration in the generation region is N ~ 10° electrons/cm?, i.e. 
N, < 108 electrons/cm. If the directional feature is present right up to a 
frequency of f ~ 16 Mc/s (this is the minimum value of the frequency at 
which type III bursts have been observed (Boishot, Lee and Warwick, 
1960)), then it follows from what has been said that the concentration in 
the corpuscular fluxes does not then exceed 3X 10® electrons/cm’. 
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On the other hand, it is possible that in certain cases when the flux passes 
through the outer rarefied layers of the corona the case occurs when N,>>N. 
This assumption allows us to interpret one feature of the dynamic spectrum 
of type III bursts which can be seen in Fig. 57. The point is that sometimes 
during the development of a type III burst the rapid frequency drift 
(~ 20 Mc/s?) that is characteristic of it slows down sharply to almost 
a dead stop at a certain frequency fmin; for the fundamental harmonic 
radio emission fain < 25-50 Mc/s. The slowing down of the drift observed 
can be explained (Zheleznyakov, 1956) by assuming that in the high 
layers of the corona, where N, >> N, the radio emission frequency is 
determined by the parameters of the stream. From this it is clear 
that the limiting frequency achieved by a burst at the fundamental fre- 
quency is 


Omin = 2af min = OL, (14.4) 


where œr, = (4ne?N |m)". The relation (14.4) allows us to estimate the 
density of the corpuscular flux if we know the value of fain: when fmin S 
(2-5—5)X 10? c/s the concentration is N, S (1—3)X10’ electrons/cm3. 
These values are very high. However, if the interpretation suggested for 
the reduction in the drift rate is true, then for bursts with this feature the 
emission of the fundamental harmonic in a rapidly drifting medium when 
N, «<N should be directional in nature. 

In the second phase, which is characterized by a sharp reduction in the 
frequency drift rate, N, >> Nand the radio emission becomes non-direc- 
tional. It can therefore be assumed that the fundamental harmonic of these 
bursts a long way from the centre of the disk should be preferentially 
observed only during the last phase with a reduced drift rate, whilst the 
second harmonic can be recorded in both phases. This effect can be checked 
in two ways: first, by comparing the times of appearance of the fundamen- 
tal and second harmonic in the dynamic spectrum of the type III bursts 
which appear in the centre of the Sun’s disk and a long way from it and, 
secondly, by comparing the mean rate of frequency drift for the funda- 
mental harmonic and second harmonic of the bursts that appear at great 
distances from the centre of the disk. Since, however, the second harmonic 
is a rather rare phenomenon in type III emission it is easier to investigate 
the dependence of the frequency drift rate of all type III bursts on the dis- 
tance from the central meridian. Since these bursts also include events 
whose dynamic spectrum have the above-mentioned feature there should 
be a certain reduction in the frequency drift rate as the heliographic lon- 
gitude rises if the suggested interpretation is correct. This effect appears 
to be confirmed by observations (Rabben, 1960). 
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It is worth stressing that this explanation for the slowing down and 
stopping of the frequency drift seems to be hardly convincing. It is more 
likely that this effect, in principle, may be the consequence of a de- 
crease in the velocity of the corpuscular flux because of energy losses in 
excitation of plasma waves by the latter. On the other hand, it is 
known that the reduction in the agent’s velocity cannot be connected 
with collisions between the particles of the flux and the corona since the 
protons and electrons moving at a velocity of 10° km/sec fly through 
the corona with hardly any collisions. At the same time a reduction 
in the frequency drift rate because of energy losses of the flux in readjust- 
ment of the magnetic field “frozen” into the coronal plasma, or because 
of a change in the direction of the velocity of the flux causing the reduction 
in the radial component V,,, cannot be excluded if the configuration of the 
lines of force is essentially not rectilinear. In the latter case bursts with 
a reduction in the drift rate should be looked upon as intermediate between 
ordinary type III bursts and U-bursts. 


U-BURSTS 


Above, we have been discussing the features of ordinary type III bursts, 
during the whole development of which the drift rate is towards the low 
frequencies (which corresponds to movement of the agent into the higher 
and more rarefied layers of the corona). In the type III fine structure of 
the type II bursts as well as the elements that drift rapidly towards the low 
frequencies there are surges with a frequency drift in the opposite direction 
(for further detail see section 13). Sometimes, however, in the composition 
of the Sun’s sporadic radio emission bursts are also observed during whose 
development the drift towards the low frequencies first slows down, stops 
at a certain frequency f,,, and is then replaced by a drift with an increase 
in frequency. The dynamic spectrum of bursts of this kind looks like an in- 
verted letter U (Fig. 61); therefore this component of the radio emission 
(after its discovery by Maxwell and Swarup (1958)) has been given the name 
of a U-burst. Since the value of the frequency drift rate of U-bursts in 
both directions, the lifetime and the width of the frequency spectrum are 
characteristic of type III bursts. This component is not generally put into 
a separate spectral class but considered to be one of the variants of the 
rapidly drifting type III bursts. 

According to Maxwell and Swarup (1958) the majority of U-bursts 
have a spectrum “turn” frequency fmin of about 100-150 Mc/s (Fig. 61a) 
although in certain cases the radio emission frequency does not drop below 
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250-570 Mc/s (Alsop et al., 1959a and 1959b). According to the data re- 
ported by Goldberg (1958) the values of the “turn” frequency are dis- 
tributed more or less evenly in the range of 100-580 Mc/s. Figure 61b shows 
an example of a U-burst in which f in is only 35 Mc/s (Sheridan, Trent and 
Wild, 1959). 

Just as in ordinary type III bursts the radio emission of the U-bursts 
sometimes consists of two bands whose frequencies are in the ratio of 
2: 1 (Fig. 61b). In one case (3 September 1957) the appearance was record- 
ed (Haddock, 1959b; McMath 1958) of three U-bursts whose “turn” fre- 
quencies (130, 250 and 375 Mc/s) were reached simultaneously with an 
accuracy of up to the observational error (~ 1 sec). The duration of the 
radio emission in all three bursts, and likewise the variation in intensity 
during their development, was the same. If at the same time we remember 
that the ratio of the “turn” frequencies is close to 1 : 2 : 3 it is very probable 
that there is a close connection between the individual radio emission bands: 
in this case three harmonics of a single event seemed to be observed. This 
event had an exceptionally high intensity when compared with the other 
bursts; however, the low-frequency harmonic component (the fundamental 
harmonic), unlike the second and third harmonics, was very weak. It is 
possible that the directional nature of the fundamental harmonic radio 
emission was making itself felt here. If this is so it is not excluded that in 
the majority of U-bursts we are observing radio emission of the second 
and not the fundamental harmonic. 

The frequency drift inversion characteristic of U-bursts can be explained 
by the fact that the agent causing the bursts first rises into the upper layers 
of the corona and then drops down. This kind of trajectory of the agent 
(if it is a corpuscular stream) cannot be caused by gravity since the velocity 
of the agents causing U-bursts estimated from the observed values of 
df/dt is far more than hyperbolic. On the other hand, it is quite possible 
that this kind of motion of the agent in the corona is caused by the magnet- 
ic field of bipolar groups of spots (see Fig. 1) along which the particles of the 
corpuscular stream are also moving. In this case the trajectory of the stream 
may be inclined to the surface of the Sun, i.e. the source of the radio emis- 
sion as well as moving in a radial direction should show noticeable displace- 
-ment along the solar surface. The latter is confirmed by interferometer 
observations (Wild, Sheridan and Trent, 1959), according to which in one 
case studied the positions on the Sun’s disk of the regions responsible for 
the emission at a given frequency were different for the ascending and de- 
scending branches of the U-burst’s dynamic spectrum. In favour of this 
interpretation there is also the high time correlation between the U-bursts 
and the chromospheric flares that generally appear near bipolar groups of 
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spots (about 80% of U-bursts are accompanied by flares (Maxwell, 
Howard and Garmire, 1960; Maxwell and Swarup, 1958))f. 

From this standpoint the difference between ordinary type III bursts and 
their U-burst variant is that the first are excited by agents moving along the 
magnetic field lines of force which stretch far out from the Sun’s surface, 
whilst the U-bursts are generated by streams moving along arc-shaped lines 
of force whose apex is at comparatively low altitudes in the corona.t 

If this interpretation of the U-bursts is the true one, then the sign of the 
polarization of U-bursts should change to the opposite one when the 
bursts reach their minimum frequency. The latter is connected with the 
different direction of the magnetic field on the descending and ascending 
branches of the dynamic spectrum. Unfortunately nothing is known about 
the features of the polarization of U-bursts unless we consider the remarks 
made by Haddock (1959b) according to which in several cases investigated 
the degree of polarization of the U-bursts is close to the corresponding 
values for ordinary type III events observed at the same time. 

In conclusion we should note one more interesting feature of U-bursts. 
According to Goldberg (1958) the “turn” frequency (and likewise the 
maximum altitude reached) is connected with the maximum drift rate of 
the burst: the “turn” frequency shows a tendency to decrease as |df/dt a. 
rises. Since the “turn” frequency defines the maximum altitude reached by 
the radio emission source and the frequency drift rate defines the agent’s 
radial velocity, what has been said means that the stream of fast particles 
does not simply move along lines of force of a given configuration but 
partly deforms them, carrying the coronal matter with the magnetic field 
“frozen” into it to an altitude which is greater the higher the velocity (and 


+ Sometimes at the end of the development process of a U-burst an increase is 
observed in the width of the frequency spectrum of the radio emission (Fig. 61a). 
From the point of view of the “plasma hypothesis” this effect may be caused by an 
increase in the extent of the corpuscular stream generating the U-bursts because of disper- 
sion of particle velocities (Maxwell and Swarup, 1958). In one case the rising branch of 
the dynamic spectrum characterizing the development of the U-burst split into three 
bands after reaching the “turn” frequency (see the discussion by Haddock, 1959b). 
This phenomenon is apparently connected with “splitting” of the particle flux caused 
either by the complex configuration of the magnetic fields above the group of spots, 
thanks to which the stream moved along three different trajectories towards the photo- 
sphere, or by the complex initial velocity distribution of the particles in the stream with 
three maxima, which then led to the stream being split into three bunches moving along 
asingle trajectory. 

} This altitude can be estimated (from the known “turn” frequency) from the relation 
(13.1) for a definite electron concentration distribution in the corona. For example, the 
“turn” frequency of 35 Mc/s, which was once observed at a period of maximum solar 
activity, corresponds toanaltitude of about0-7Ro@ above the photosphere (if the distribu- 
tion N is that given in Table 2 of section 1 for the active region of the corona). For 
ordinary U-bursts with a “turn” frequency of 150 Mc/s this altitude is far less (~0-2Ro). 
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energy) of this stream. The increase in the maximum altitude as the velocity 
of the agent rises, also to a certain extent accounts for the independence 
(with certain exceptions) noted by Haddock (1959b) and Goldberg (1958) 
of the overall duration of a U-burst with respect to the “turn” frequency. 

It is quite possible that the motion of sources of ordinary type III bursts 
is also sometimes accompanied by considerable deformation of the mag- 
netic field. The absence of frequency drift inversion can then be explained 
either by a lower magnetic field strength in those regions of the corona 
where the type III source is moving when compared with the U-burst gen- 
eration regions, or by a greater energy of the corpuscular streams exciting 
the type IIT radio emission. In the first case, which is obviously realized 
when the chromospheric flares connected with the U-bursts and the ordi- 
nary type III bursts are not in the same position (relative to the sunspots), 
we should expect a different mean degree of polarization of these bursts. 
In the second case there should be (with more or less the same mean degree 
of polarization) a difference in the mean frequency drift rates and the inten- 
sities of the U-bursts and the ordinary type III bursts. However, the 
absence of sufficient experimental data at present does not permit any defi- 
nite judgement to be given.' 


15. Types IV and V Radio Emission 


Basic CHARACTERISTICS OF TYPE IV RADIO EMISSION 


The bursts connected with large solar flares often have a very complex 
dynamic spectrum (Figs. 62 and 63; see also Fig. 53). In this case the 
development of a typical event in the metric band breaks down into 
three stages. The first stage, which coincides with the beginning of the 
chromospheric flare or is close to it, is characterized by the appearance 
of a group of short-lived type II bursts; in the second stage, which 
arrives a few minutes after the first, the level of the radio emission suddenly 
increases and, varying irregularly, stays enhanced for 10 min or so; in 
the third stage the level of the radio emission gradually rises and remains 
enhanced for a time from a few minutes to a few hours. The second stage 
in the dynamic spectrum corresponds to one or two slowly drifting bands 
which can be included in spectral type II. The wide band emission following 
them, which differs by a very smooth intensity curve (without any notice- 
able variations in the level of the emission in the form of short-lived 
bursts or with very weak fluctuations), is a particular form of activity. 
This kind of structureless continuum was first described by Boishot 


+ See also Hughes and Harkness (1963) on the properties of type III radio emission. 
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(1957, 1958, 1959) and was set apart as a separate sporadic component. 
which was given the name of type IV radio emission. 

To judge from the dynamic spectra obtained later (Maxwell, Swarup. 
and Thompson, 1958; Haddock, 1959b; Wild, Sheridan and Trent, 1959; 
Thompson and Maxwell, 1962; McLean, 1959; Kundu, 1961a) the devel- 
opment of type IV radio emission generally proceeds as follows (see 
Fig. 62). A smoothed continuum, divested of any frequency or time details, 
appears after a type II burst with a shift of a few minutes. The intensity 
maximum is generally reached some dozens of minutes after the beginning: 
of the event. The radio emission first appears at high frequencies, but as a. 
rule not higher than 250 Mc/s (Kundu, 1961a),t and then gradually spreads. 
to the lower frequencies. One gets the impression that the low-frequency: 
edge of the spectrum, which sometimes drops more steeply than the: 
high-frequency part, drifts towards a decrease in frequency at about the: 
same rate as the preceding type II burst. 

An example of this type of continuum can be seen in the dynamic: 
spectrum in Fig. 63 accompanying a complex type III-II event. In this 
case the radio emission appeared almost simultaneously with the type II 
emission first in the decimetric band at frequencies of the order of 500 Mc/s, 
and then spread to the metric wavelengths. For the whole of its life (about. 
45 min), however, the intensity maximum of the continuum remained in 
the decimetric band. 

Type IV radio emission in the metric waveband as a rule appears after- 
the start of the outburst at centimetric wavelengths connected with the 
type II-IV event in the period when the latter reaches its maximum inten- 
sity, and can generally be observed for longer than the microwave burst. 
(Thompson and Maxwell, 1962; Kundu, 1961a; Mogilevskii and Akin’yan, 
1961). We can say that the type IV radio emission is not a low-frequency: 
extension of the centimetric bursts and, vice versa, the latter are not the- 
result of the spectrum of the type IV emission expanding into the higher 
frequencies. This can be clearly seen in an example of a dynamic spectrum 
(Fig. 64) restored from the data of simultaneous observations of solar- 
radio emission at a number of fixed frequencies in the range between 67 and 
9400 Mc/s (Takakura and Kai, 1961). 

At the same time the two separate continua (one characteristic of 
metric and the other of centimetric wavelengths) do not always exist 
exclusively within the limits of the above bands. In certain cases the type- 
IV radio emission starts at low frequencies (< 250 Mc/s) and then covers. 
the higher ones (250-600 Mc/s) and can be observed at these frequencies. 


t Exceptions from this rule, when the upper limit is in the decimetric band, are by- 
no means rare (Mogilevskii and Akin’yan, 1961). 
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until the low frequency part of the continuum disappears (Kundu, 1961a). 
The maximum intensity of the type IV is either in the metric or the deci- 
metric band (Mogilevskii and Akin’yan, 1961). On the other hand, the 
centimetric bursts often embrace the decimetric band and at times even 
extend into the metric band. This continuum, appearing as a low-fre- 
quency continuation of the centimetric bursts, is called the first phase of 
type IV radio emission by Kundu(1961a), Mogilevskiiand Akin’yan (1961), 
Pick-Gutmann (1961), and simply type IV emission by Haddock (1959b). 
In its properties, however, it differs from the structureless continuum 
following type II bursts discussed in the present section. Therefore we 
shall not use the term “type IV radio emission” for the decimetric con- 
tinuum even in the cases when it extends to lower frequencies. 
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Fic. 64. Dynamic spectrum of radio emission in 67-9400 Mc/s band of 

5 April 1960 plotted from observational data at fixed frequencies. The 

classification of the events according to the data of spectrographic observa- 
tions at metric wavelengths is shown below (Takakura and Kai, 1961) 


The features of the decimetric continuum—an extension of centimetric 
bursts into another frequency range—will be discussed in section 16. Here 
we shall content ourselves with saying that, to judge from Fig. 64 and 
other dynamic spectra obtained by Takakura and Kai (1961), it is quite 
possible in certain cases for the decimetric continuum to exist as a separate 
component and not as a simple extension of the centimetric bursts. 

There is still one more wide-band continuum that we know of in the 
metric band—the enhanced radio emission in the composition of noise 
storms. However, the type IV radio emission differs from the latter in its 
smooth (or relatively smooth) profile, shorter duration and close connection 
with type II phenomena. 
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These features are in their turn closely interconnected. This is shown 
by a detailed study of the dynamic spectra in the 40-200 Mc/s range 
obtained in 1952-8 (McLean, 1959). From the available spectra twenty- 
two recordings were selected in which there were clear-cut rises in 
the level of radio emission for a time varying between 10 min and 
5 hours starting from the time of the flares or after them. After dividing 
these recordings into two groups—one free of frequency and time details 
(thirteen events), and the other, in which brief narrow-band bursts 
prevailed (nine events)—it turned out that all the events of the first group 
(except for one) followed type II bursts, whilst the latter did not accompany 
events in the second group. Therefore the continuum-type radio emission 
that appears during the flares as a rule either has both signs of spectral 
type IV or does not have these features. 

Nevertheless sometimes (as was remarked in section 12) enhanced radio 
emission is predominant in the composition of noise storms; type I bursts 
are rare and of low intensity. On the other hand, it is known that noise 
storms (in rare cases, it is true) are one of the forms of post-burst phe- 
nomena which accompany outbursts connected with chromospheric flares. 
Despite the results of McLean (1959) we cannot exclude the possibility 
that part of these bursts belong to spectral class II. 

In connection with what we have said the problem arises of identifying 
the type IV radio emission since there may prove to be insufficient of the 
above-mentioned signs of this component based on the nature of the 
dynamic spectrum in certain cases for a clear solution of the question of 
whether an event belongs to type IV (particularly when the radio emission 
has only of one the two type IV features). In this respect a very valuable and, 
in essence, the determining feature of type IV radio emission is the circum- 
stance that during the development of the continuum the position of the 
source of emission on the Sun’s disk does not remain constant during 
observation at a fixed frequency.t This was discovered by Boishot (1958, 
1959) during observations on a multi-element interferometer (f = 
169 Mc/s): it turned out that in the initial stage the source of the type IV 
radio emission moves from its initial position on the Sun’s disk close to a 
chromospheric flare to a distance of up to (4-5)R, from it far beyond the 
limits of the Sun’s limb. 

On the assumption of the radial nature of the motion of the source 
away from the chromospheric flare associated with it the displacement of 


+ It is appropriate to mention that the centres of noise storms and the regions where 
types IT and III bursts are generated show no systematic displacements in observations 
at one frequency, remaining localized in the same part of the disk for the whole of their 
existence. 
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the generation region observed in the projection onto the plane of the 
Sun’s disk can generally be interpreted as follows. On appearing in the 
lower corona the source of the type IV radio emission first rises rapidly 
upwards (at a velocity of the order of 1000 km/sec); having reached the 
upper layers of the corona it drops slowly down and after a few dozen 
minutes it stops at an altitude whose value varies considerably from event 
to event between 0-3R, and (4-5)Ro. 

However, the hypothesis of the radial nature of the motion is far from 
always satisfied. This is indicated, for example, by the case when the source 
of the type IV radio emission connected with the flare in the centre of the 
Sun’s disk went far beyond the Sun’s limb and did not remain within 
the limits of the latter (Kundu and Firor, 1961). Therefore the details of 
the picture given above of the motion (in particular the downward displace- 
ment of the source after it has reached its maximum altitude in the corona) 
are by no means without contention, and the values given for the velocities 
and altitude are only a guide. 

The motion of a source of type IV radio emission in the corona was 
also later fixed in interferometer measurements at a frequency of 87 Mc/s 
(Kundu and Firor, 1961) and in observations on an interferometer with 
frequency tuning in the 40-70 Mc/s band (Wild, Sheridan and Trent, 1959) 
(Fig. 53). In the latter case it was established that, unlike the types II and 
III bursts, the position of the type IV activity source is not frequency- 
dependent, whilst the generation region of radio emission at a fixed 
frequency moves in the plane of the Sun’s disk at a velocity of up to 
5000 km/sec. For the type IV event in Fig. 53 this velocity was about 
2600 km/sec, and the velocity of the agent causing the type II burst was 
close to the velocity of the type IV source. 

According to the data of Kundu and Firor (1961) at f = 87 Mc/s, 
the displacement velocity of the type IV source is generally higher than 
or of the order of 103 km/sec. At higher frequencies (f = 200 Mc/s) no 
cases were noted when the source of the radio emission was further than a 
distance of R, from the photosphere, nor were rapid displacements at the 
high velocities characteristic of low frequencies (Takakura and Kai, 1961).t 

The close connection of the type IV radio emission with type II bursts 
and the displacement of the generation regions of both events at approxi- 


t Morimoto (1961) gives examples of several events which showed no systematic 
displacement in interferometer observations at a frequency of 200 Mc/s, remaining 
localized inthe corona at an altitude of about 0-3Ro above the flare. Since these events 
had no characteristic sign distinguishing type IV radio emission they cannot be identi- 
fied with this component (as was done by Morimoto (1961)). The phenomena observed 
should apparently be included among the decimetric continuum or continuum storms 
(see section 16). 
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mately the same velocity indicates that in the final count both phenomena 
are caused in all probability by a single agent moving in the corona from 
the region of a chromospheric flare. 

The angular diameter of the region of generation of the type IV radio 
emission measured at 169 Mc/s (Boishot, 1958 and 1959) at the time of a 
rise in intensity is very great (> 12’). During the maximum phase and at 
the time of the decrease in the intensity of the radio emission the size of the 
source decreases slightly: to 7-12’ at f = 169 Mc/s and to S’ at f = 40- 
60 Mc/s.t In all cases, however, the sources of type IV radio emission 
have a greater extent than the noise storm centres appearing at the same 
time. The data given agree with the results of Kundu and Firor (1961) at a 
frequency of 87 Mc/s (angular diameter of type IV generation regions 
greater than 10’). 

The effective temperature T, of the emitting region is also very great: 
in exceptional cases it reaches values of 10'°-10'2°K (Boishot, 1959) 
although generally Tẹ ~ 107-10 °K (Thompson and Maxwell, 1962; 
Kundu, 196la). 

Type IV radio emission is partly polarized: as well as the naturally 
polarized component it contains a circularly polarized component 
(Haddock, 1959b; Wild, Sheridan and Trent, 1959; Takakura and Kai, 
1961).+ The sign of the polarization generally does not alter during the 
whole of a type IV event and is apparently not connected in any way 
with the sign of the polarization of noise storms preceding this event or 
following it. A degree of polarization of 30-70% is usual at a frequency 
of 200 Mc/s (Takakura and Kai, 1961). In particular the type IV radio 
emission whose dynamic spectrum is shown in Fig. 63 contained 30% of a 
circularly polarized component (see Haddock, 1959b). 

We notice that the number of type IV events decreases as the distance 
of the chromospheric flares connected with them from the centre of the 
Sun’s disk increases (Thompson and Maxwell, 1962; McLean, 1959; 
Kundu, 1961a). This circumstance indicates that the directional properties 
of the component in questions of sporadic emission cannot be considered 
to be finally solved. 

An interesting feature of the type IV radio emission was discovered 


+ According to Weiss and Sheridan (1962) type IV sources have a halo which, it is 
true, is weaker than for type II events. 

t Even in the early observations of Payne-Scott and Little (1952) it was noted that in 
large bursts connected with chromospheric flares there exist two phases: the first is not 
polarized (it can now be included in spectral type II) and the second is a partly circularly 
polarized component, which is now called type IV radio emission. It is possible that the 
motion of the sources of bursts that they observed at a frequency of 97 Mc/s belonged 
to this latter type of radio emission. 
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by Boishot and Simon (1960): in certain cases the increase in the level of the 
radio emission during a noise storm swamps the type I bursts, reducing 
their number and intensity (see Fig. 65). From the duration of the rise 
in radio emission relative to the “smooth” time-intensity curve and the 
connection with the chromospheric flares these phenomena can apparently 
be put among spectral type IV. This kind of “swamping” action of the 
continuum has been observed not only when the positions of the continuum 
source and the centre of the noise storm coincided but also when there 
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Fic. 65. Recording of solar radio emission intensity on 1 August 1957 at a 
frequency of 169 Mc/s. The intensity of the bursts decreases as the level of 
the enhanced radio emission rises (Boishot and Simon, 1961) 


was some difference in their coordinates (up to 4’). However, when the 
region where the type IV radio emission is at far greater distance away 
from the centre of the noise storm this emission has no noticeable effect 
on the degree of type I activity. 

It is possible that this effect is connected with the direct influence of 
the source of the type IV radio emission on the generation conditions of the 
type I bursts. However, unlike Boishot and Simon (1961), we feel it more 
probable that the reduction in the activity of the short bursts is caused 
by their absorption in the region where the type IV radio emission is 
generated located in higher layers of the corona. The greater size of this 
region (~ 10’) explains the appearance of this effect even with a certain 
difference in the mean coordinates of the types IV and I sources on the 
Sun’s disk. The attenuation is apparently caused by absorption of the 
emission by the particles generating the type IV component; it will consid- 
erably reduce the intensity of the type I bursts if the optical thickness of 
the system of emitting particles is t > 1. 

The great interest at present in type IV radio emission is explained by 
the close connection of this component with the diverse geophysical 
phenomena (magnetic storms, increase in cosmic ray intensity, etc.). 
The different aspects of this connection will be specially discussed in section 
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17; this will make it possible to get a more definite idea of the nature of the 
agent causing type IV events and the conditions obtaining in the region 
where the radio emission is generated.t 


TYPE v BURSTS 


In certain cases broad-band radio emission appears after type IIE 
bursts (see the dynamic spectra in Figs. 61b and 66). The frequency band 
occupies several tens (up to a hundred) of megacycles with a spectral 
intensity maximum generally located below 100 Mc/s. Often the spectrum 
drops sharply towards the high frequencies; there are no indications of 
the presence of frequency drift. The life of the component in question is 
short (0-5-3 min) and increases slightly at low frequencies (Thompson and 
Maxwell, 1962); the radio emission flux may be extremely small (as little 
as 10718 W m=? c/s~1). In certain cases with observations at one fre- 
quency displacements of a type V source were recorded on the Sun’s disk 
at a velocity of the order of 3X 10° km/sec (i.e. a velocity close to that 
found for type IV activity) (Wild, Sheridan and Trent, 1959; Neylan, 
1959). 

This component, which was discovered by Wild, Sheridan and Trent 
(1959)? and called type V radio emission by them, is distinguished from: 
the type IV continuum by its close connection with rapidly drifting bursts 
and a duration that is approximately two orders shorter.§ 

In a comparison of the radio data obtained with a radio spectrograph in 
the 40-240 Mc/s range and in observations at a number of fixed frequen- 
cies between 1000 and 9400 Mc/s a close correlation was found (Neylan, 
1959) between type III-V events and centimetric bursts: of twenty-seven 
type III bursts accompanied by type V radio emission twenty appeared at 
the same time as radio emission in the centimetric band.§§ With few excep- 
tions the duration of the events in the metric and centimetric bands was. 
the same. At the same time among twenty-six selected type II bursts. 
which were not accompanied by type V activity only one burst occurred 
at the same time as a rise in the level of emission in the centimetric band. 
It follows from this that the probability of a connection between type IIT. 
bursts and centimetric bursts rises sharply if the former are accompanied. 
by type V events. 


+ For features of type IV radio emission see also Ben’kova, Turbin and Fligel? (1961), 
Akin’yan and Mogilevskii (1961), Thompson (1962), Takakura (1963b). 

t Apparently type V radio emission was observed at the same time by Maxwell on: 
a radio spectrograph in the 100-570 Mc/s range (see remark by Boishot (1958)). 

§ Here the ratio of the time scales is the same as in types II and III events. 

§§ Judging from other data (Thompson and Maxwell, 1962) this correlation is only 
half as great. 
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Since each centimetric burst is almost certainly connected with some 
chromospheric flare it is clear that type V radio emission should also 
correlate closely with the flares. In actual fact, according to Neylan 
(1959) out of fifteen type V events fourteen appeared during flares, half 
-of them starting (with an accuracy of up to a minute) in the period of the 
‘flare’s “explosive” phase (a sharp sudden expansion), of which we have 
-already spoken in section 14 when discussing the connection of flares with 
rapidly drifting bursts. No concentration of flares connected with type V 
phenomena was noted towards the centre of the disk; this obviously in- 
‘dicates that the radio emission is not directional (Thompson and Maxwell, 
1962). 

We notice that type V radio emission is not an extension of the frequency 
‘spectrum of a microwave burst into the metric band. This is indicated 
both by the drop in flux of the type V radio emission at the high-frequency 
end and by the difference in the coordinates of the sources: the region in 
which a type V burst is generated is in the upper corona whilst the sources 
-of microwave bursts are located far lower down. 


16. Other Forms of Bursts 


In the preceding sections of this chapter we have discussed the basic 
‘components of the Sun’s sporadic radio emission: the slowly varying com- 
ponent and microwave bursts, noise storms (enhanced radio emission + 
type I bursts), types II and III bursts and types IV and V continua. The 
majority of the events in the solar radio emission belong to one of these 
‘components; however the classification which we have expounded above 
does not exhaust the whole variety of observed phenomena. The point is 
that events are found in the composition of the solar radio emission 
(“broad-band bursts of short duration”, “continuum storms”, etc.) whose 
properties occupy an intermediate position between the individual classi- 
fied components. It often remains uncertain whether phenomena of this 
kind are a special case of well-known components or whether they should 
be consigned to a new class of events. At the same time there are also 
phenomena in thesolar radio emission which differ sharply from all the basic 
components; as an example we can take the event of 4 November 1957. 

In the present section it is to these little-studied phenomena that we 
shall turn, starting the discussion with the decimetric band. 


DECIMETRIC CONTINUUM 
It was indicated in section 15 that centimetric bursts accompany certain 
groups of type IH bursts (particularly if the latter are connected with type 
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V radio emission) and also type IV events that follow type II bursts. In this. 
case the types IJ-IV event appears at the period when the microwave 
emission reaches its maximum intensity and generally lasts for longer than 
this emission. The features of the dynamic spectrum and the displace- 
ment of the region in which the type IV radio emission is generated defi- 
ninitely indicate that the type IV and the centimetric bursts accompanying. 
it are separate yet connected components of the Sun’s sporadic radio 
emission. At the same time certain bursts in the centimetric band appear 
(with an accuracy of up to 2 min) at the same time as the broad-band radio 
emission at decimetric wavelengths, which we shall call the decimetric con- 
tinuum. The time-dependence of the latter’s level generally to a certain 
extent repeats the profile of the microwave burst; in particular their 
maxima and lives more or less agree (Fig. 67). Other features of the broad- 
band radio emission at decimetric wavelengths (size of the generation 
region, its position on the Sun’s disk, etc.) also enhance its likeness to the 
microwave bursts. We can therefore say that a decimetric continuum of 
this kind is a low-frequency continuation of microwave bursts and chiefly 
of type A outbursts (Kundu, 1961a; Pick-Gutmann, 1961). 

In future we shall chiefly have in mind this variety of continuum, 
although in certain cases the situation is more complex: the decimetric 
continuum is of greater duration than the centimetric burst,t appears later 
and has a spectral intensity maximum at decimetric wavelengths (see the 
dynamic spectra in Figs. 64 and 68) (Takakura and Kai, 1961). 

Generally the decimetric continuum exists at frequencies higher than. 
250 Mc/s. However, in certain cases, particularly when the intensity and 
duration of the microwave burst are sufficiently great, the radio emission 
also extends to frequencies below 250 Mc/s (Pick-Gutmann, 1961). This 
continuum at metric wavelengths, generally speaking, does not accompany 
a type II burst although when the intensity of the centimetric burst is very 
high (greater than 10-1 W m~? c/s71) the appearance of a slowly drifting 
component is highly probable. It is characteristic that in this case, unlike a 
type II-IV event, the continuum appears earlier than the type JI burst. 
(Fig. 69).t This was to be expected since the microwave bursts with 


+ Moreover, the life of the decimetric continuum is as a rule shorter than that of the 
type IV radio emission and is rarely more than a quarter of an hour, being between 10 
min and 2 hours; only in exceptional cases is it as much as 6 hours (Kundu, 1961a; 
Pick-Gutmann, 1961). 

t This gave Kundu (1961a), who clearly separated the two phenomena of the deci- 
metric continuum and type IV radio emission, a basis for calling them the first and 
second phases respectively of type IV radio emission. We shall not keep to this terminol- 
ogy since the features of the decimetric continuum distinguish it sharply from type IV 
radio emission and in no way boil down simply to precursors of type II bursts. 
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which the decimetric continuum is connected generally precede type II 
bursts. 

The decimetric continuum is generated by sources of small angular 
size—in the majority of cases less than 4’ at a frequency of 340 Mc/s 
(Kundu and Firor, 1961) and of the order of 2-5’ at 1420 Mc/s (Krishnan 
and Mullaly, 1961 and 1962). This is close to the size of the sources of 
centimetric outbursts (< 2-5’) and differs strongly from the corresponding 
values for type IV. The effective temperature of the decimetrie continuum 
radio emission is 10°-10° °K (Kundu, 1961a; Krishnan and Mullaly, 1961 
and 1962). 
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Fic. 68, Dynamic spectrum of decimetric continuum of 29 March 1960 
according to simultaneous observations at frequencies in the 200-9400 Mc/s 
range (Takakura and Kai, 1961) 


The generation regions are localized around flares generally in the same 
place as a source of the slowly varying component was before the appear- 
ance of the continuum. Unlike the type IV bursts the sources of the 
decimetric continuum (according to observations at a frequency of 340 
Mc/s) do not show any significant displacements over the Sun’s disk to a 
distance of more than 1-2’ (Kundu and Firor, 1961; Boishot and Simon, 
1960; Krishnan and Mullaly, 1961 and 1962). In this respect the decimetric 
continuum also recalls the microwave bursts. 

In two cases when the active region was located on the Sun’s limb it 
proved to be possible to estimate the altitude of the sources above the 
photosphere: it turned out that it does not exceed (0-06-0-07)R,, i.e. the 
generation of the decimetric continuum occurs in the lowest layers of the 
‘corona (Kundu and Firor, 1961; Krishnan and Mullaly, 1961 and 1962). 
It follows from this that even in the cases when the decimetric continuum 
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is generated at the same time as type IV radio emission it is not a high- 
frequency continuation of the spectrum of this emission. 

We notice that a continuum at metric wavelengths preceding a type II 
burst is very weakly polarized, whilst type IV radio emission following 
type II is far more strongly polarized. Sometimes the decimetric continuum 
at a frequency less than 250 Mc/s is weakly polarized at the beginning of an 
event and more strongly a few minutes later. Moreover, the degree of polar- 
ization of the continuum in question rises when we move into the deci- 
metric and centimetric bands where the radio emission becomes noticeably 
polarized (Kundu, 1961la; Pick-Gutmann, 1961). 

At metric wavelengths the decimetric continuum displays considerable 
directional features in its radio emission which show themselves in the 
concentration towards the centre of the Sun’s disk of the flares connected 
with it in the cases when the continuum covers part of the metric band 
(Kundu, 1961a). 

The weak decimetric continuum which does not accompany a type II 
event is sometimes connected with a type C microwave burst (“gradual 
rise and fall”). From observations in the 100-570 Mc/s range the contin- 
uum appears at almost the same time as a microwave burst (with an 
accuracy of up to 2-3 min) and reaches its maximum intensity at the same 
time as the latter. The generation region of this kind of continuum at 
169 Mc/s does not show any significant displacements from its original 
position (unlike the type IV). Its angular size is of the same order as for a 
source of type IV radio emission (~ 10’), the effective temperature is far 
lower (Tæ S 10? °K) (Kundu, 1961a). 


RAPIDLY DRIFTING DECIMETRIC BURSTS 


As well as the lengthy, structureless continuum in the decimetric band 
there are also bursts of short duration (with a life £ 1 sec), which show 
frequency drift at a rate greater than or of the order of 100 Mc/s? 
(Alsop et al., 1959). 

A comparison of the dynamic spectra of rapidly drifting bursts at metric 
and decimetric wavelengths obtained by spectrographic observations in the 
100-950 and 2000-4000 Mc/s ranges (Kundu et al., 1961) showed that the 
majority of the bursts which appear in the decimetric band can be observed 
only at frequencies of not less than 400 Mc/s (usually in the 400-800 Mc/s 
range). Therefore the rapidly drifting decimetric outbursts are generally 
not a high-frequency continuation of metric band type III bursts (see Fig. 
70). 

Moreover if all the rapidly drifting bursts are characterized by the 
lowest frequency /,,;, Which they reach, then histograms of the number of 
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bursts for the values of fain display two clear maxima—one at the lower 
limit of the frequency range studied (near 100 Mc/s) and the other in the 
400-500 Mc/s range (Fig. 71). It follows from this that two separate classes 
of rapidly drifting bursts exist: one in the metric band (type III bursts) 
and another in the decimetric band (rapidly drifting decimetric bursts). 
The properties of decimetric bursts differ to a considerable extent from 
the features of type III bursts discussed above. The absolute frequency 
drift rate of the decimetric bursts is higher (2 100 Mc/s?), the drift often 
being not towards the low frequencies (as in the majority of metric bursts) 


Number of bursts 





10 250 500 j "950 
fmin, Mc/s 





Fic. 71. Distribution of groups of rapidly drifting bursts with a differing 

kind of frequency drift according to the values of their minimum frequencies 

in the dynamic spectrum: 1 — drift towards high frequencies; 2—simultaneous 

appearance at all frequencies (“infinitely rapid drift”); 3—“mixed drift” 

(towards low and high frequencies); 4—drift towards low frequencies (Kundu 
et al., 1961) 


but towards the high ones.t In certain cases the direction of the drift is 
opposite at the high-frequency and low-frequency edges of the dynamic 
spectrum of the same decimetric burst. The number of bursts with a 
different type of frequency drift in the metric and decimetric wavebands 
can be judged from the histogram in Fig. 71. 


+ The observed drift obviously cannot be explained by the effect of group lag in- 
creasing with a decrease in frequency since both directions of drift occur in decimetric 
bursts. If we link the frequency drift with the advancing motion of a certain agent in 
the transition layers from the chromosphere to the corona, then the velocity of this 
agent, estimated on the assumption that the frequency of the radio emission is close to 
the plasma frequency, will be far less than the velocity of the agents causing type III 
bursts in the metric waveband (Alsop ef al., 1959). 
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The bandwidth Af covered by decimetric bursts while drifting is tens 
and hundreds of megacycles; generally these bursts exist in the 400-800 
Mc/s range, although sometimes they drop right down to 200 Mc/s and 
are sometimes noted at frequencies of the order of 1000 Mc/s. However, 
the relative width of the range A//f is as a rule less than for metric type IH 
bursts. 

Decimetric bursts form groups of three to ten elements; the duration of 
an individual burst is short—about 0-5 sec. Sometimes successive bursts in 
a group appear at frequency intervals displaced from each other, forming 
the characteristic discontinuous dynamic spectrum of the event. A dis- 
continuous spectrum of a slightly different type appears if the sequence of 
bursts is observed simultaneously in different (and not intersecting) spec- 
trum ranges (Kundu et al., 1961). 

Groups of decimetric bursts may appear in isolation, precede or follow 
type III bursts at metric wavelengths (Fig. 70). Sometimes they appear at 
the same time. An example of this kind of event is shown in Fig. 58b, 
where a group of type III metric bursts preceding type IT radio emission 
is accompanied by a group of decimetric bursts and one centimetric burst. 
It is not difficult to see that the duration of the latter is of the order of the 
duration of the whole group of type III bursts. 

As well as the rapidly drifting bursts whose frequency drift rate exceeds 
100 Mc/s?, bursts with a moderate drift rate of 10-50 Mc/s? (inter- 
Mediate-drift bursts) are found at decimetric wavelengths (Dicke and 
Beringer, 1956). The drift is generally towards the low frequencies. How- 
ever, just as with the rapidly drifting decimetric bursts, the opposite direc- 
tion of drift has also been noted here. The life of bursts at one frequency 
is 0-2-0-6 sec and the width of the frequency spectrum is of the order of 
10 Mc/s, covering a frequency band of about 50-150 Mc/s during the drift. 
In certain cases the drift rate decreases in the low-frequency part of the 
band studied. The radio emission flux during the bursts may be about ten 
times higher than the level of the “quiet” Sun, amounting to 5X 10720 
W m`? c/s~+. Intermediate-drift bursts at times accompany the appearance 
of the decimetric continuum. 

To judge from dynamic spectra (Alsop ef al., 1959) at frequencies of 
500-950 Mc/s, in certain cases part of the decimetric continuum appears 
to show a fine structure: it breaks down into a combination of very short 
(of the order of 0-2 sec) broad-band bursts. However, this circumstance, 
which is obviously of importance in interpreting the decimetric continuum, 
needs further checking: it is quite possible that “bursts” of this kind, each 
of which was noted during one or two frequency scans of the radio spectro- 
graph, are a consequence of equipment effects. 
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It must be pointed out that the characteristics of the Sun’s sporadic radio 
emission in the decimetric band are still quite inadequately investigated ; 
the papers on which the preceding discussion was based are actually the 
first attempts in this direction. 

Let us now discuss special forms of solar radio emission in the metric 
waveband. 


CONTINUUM STORMS 

During her investigations into type IV radio emission Pick-Gutmann 
(1960, 1961) paid attention to the fact that sometimes after a type IT burst 
a very lengthy and intense continuum with a low content of type I bursts 
appears.t The latter may at first be completely absent; only after a few 
hours or days do the bursts become more numerous and strong, since 
finally the radio emission changes into an ordinary noise storm. This long- 
lived continuum displays a number of features that distinguish it from 
noise storms and type IV radio emission. What has been said allowed 
Pick-Gutmann to treat it as a special variety of sporadic radio emission— 
the storm continuum. 

Phenomena of this kind are connected with strong chromospheric flares 
of strength 2 or more; more than half the events come with strength 3 and 
3+ flares. Continuum storms apparently do not always follow slowly 
drifting bursts. For example, the event in Fig. 72 was not preceded by a 
type II burst but by a group of type III bursts. 

Continuum storms are not observed at frequencies over 500 Mc/s since 
they are an event that is characteristic only of the metric band; the radio 
emission flux in this range is generally less than or of the order of 1071® 
W m~*c/s~1. We can get some sort of idea of their frequency spectrum 
from the simultaneous recordings of the radio emission flux at several 
frequencies in the range between 40 and 9400 Mc/s shown in Fig. 72. 
The flux increases at lower frequencies, reaching 10-28 Wm? c/s™1 at a 
frequency of 18 Mc/s. The diameter of the sources of continuum storms, 
with a few exceptions, does not exceed 4’ at a wavelength of à ~ 1-8 m 
(for type IV this value is 8-12’ and in the case of noise storms the angular 
size is evenly distributed from values of less than 3’ to 9’). 

The sources of the form of radio emission under discussion, unlike the 
type IV, do not show any displacement over the Sun’s disk in observa- 
tions at 2 ~ 1-8 m for several hours after the beginning of an event. If the 


t One observation of this kind of continuum has already been reported by Boishot 
and Warwick (1959) (see Fig. 72). 

t The radio emission intensity profile corresponding to a frequency of 18 Mc/s is not 
shown in Fig. 72. 
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emission lasts for a few days a displacement of the source can be observed, 
which occurs at about the same velocity as ithe motion of the region 
on the Sun where the chromospheric flare accompanying the beginning of 
the storm continuum was located. A certain difference between the veloc- 
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Fia. 72. Recordings of radio emission of 22 August 1958 at fixed frequencies 

in the 40-9400 Mc/s range. The storm continuum is the emission on the 

right-hand side in the metric and decimetric band recordings (40-169 Mc/s) 

(Pick-Gutmann, 1961; Boishot and Warwick, 1959). The top curve shows the 

variations of the cosmic rays (protons with an energy of about 170 MeV) 
at the same period (Anderson, 1958) 


ities of the radio and optical objects can be explained by considering 
that the source of the radio emission is located on a straight line passing 
the centre of the Sun and the chromospheric flare at a distance of 0-3R, 
from the photosphere. This is much less than the mean altitude of the. 
sources of noise storms (~0-7R,) and type IV radio emission (~ Ro) at: 
these wavelengths. 
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The emission of storm continua is circularly polarized, the sign of the 
polarization showing the same dependence on the position of the source 
relative to the solar equator as for the noise storms. Hence, by analogy 
‘with section 12, we can conclude that the radio emission under discussion 
-corresponds chiefly to an ordinary ray. 


“THE EVENT OF 4 NOVEMBER 1957 


On this day an extremely unusual phenomenon was observed in the 
solar radio emission for several hours (Fokker, 1960b; Boishot, Haddock 
and Maxwell, 1960; Nature, 1958; Boishot, Fokker and Simon, 1959). 
The flux at frequencies of 150-200 Mc/s was at times higher than the 
emission of the “quiet” Sun by a factor of 105, the recordings of the first 
‘period of this event at frequencies of 169 and 200 Mc/s being distinguished 
by very rapid fluctuations with a characteristic time of 0-2-0-3 sec. The 
intensity variations were symmetrical about a mean level; as a whole the 
intensity recording at this period differed sharply from the corresponding 
recordings during noise storms.t The validity of what has been said can 
‘easily be checked by comparing Fig. 73 with Fig. 41. 

As the phenomenon of 4 November 1957 developed the intensity varia- 
tions became rarer and rarer; at the same time as well as the rapid 
“bursts in emission” “bursts in absorption” began to appear on the record- 
ings. The latter looked like brief reductions in the intensity of the enhanced 
radio emission. Sometimes the “bursts in emission” and the “bursts in 
absorption” were observed alternately with a period of about a minute. The 
particular nature of the second period of the phenomenon of 4 November 
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Fic. 73. High-speed recording of radio emission at 200 Mc/s during the first 
stage of the event of 4 November 1957 (Fokker, 1960b) 


t The fluctuations during the first period of the event in question recalled the radio 
«mission intensity oscillations of discrete sources which are affected by the Earth’s 
ionosphere. However, on 4 November 1957 the ionosphere was quiet; it is possible that 
the fluctuations were of solar origin or were caused by non-uniformities in the Earth’s 
troposphere (see section 7 in this connection). 
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1957 is also indicated by the dynamic spectra of the radio emission shown 
in Fig. 74 (Boishot, Haddock and Maxwell, 1960). 

Above allit should be noted that spectra obtained at two points sepa- 
rated from each other by a distance of more than 2000 km are identical even 
in the smallest details. This proves that the features of the second phase of 
the event in question are of solar origin; in any case they are not connected 
with the effect of the Earth’s atmosphere. In the dynamic spectra we can 
see characteristic bursts in the form of “spaghetti” which are unlike the 
types I-III events usually observed. Each burst takes up a very narrow 
frequency band of the order of 1 Mc/s (like type I) but exists for a far longer 
time (up to 1 min). The bursts display a certain slow drift both towards 
the low and the high frequencies with irregular variations in its magnitude 
and direction. In the dynamic spectra we can also clearly see the “bursts 
in absorption” in the form of dark strips edging the “bursts in emission” 
on the low-frequency side. This kind of mutual arrangement of the “bursts 
in emission” and “bursts in absorption” is a highly characteristic feature 
of this anomalous form of sporadic radio emission.t 

To judge from recordings at fixed frequencies and from the dynamic 
spectra the phenomenon of 4 November 1957 observed in the 150-250 Mc/s 
range was absent at decimetric and centimetric wavelengths and wave- 
lengths of about 6 m. At a frequency of 200 Mc/s the radio emission was 
completely polarized anti-clockwise during the whole of its development. 

The position and size of the radio emission source were determined 
interferometrically at frequencies of 169 and 255 Mc/s. It turned out that 
the radio emission originated in a region with a diameter of the order of 
9’ located approximately at a distance of 0-1R, from the centre of the Sun’s 
disk, no systematic displacements of the source being observed for 2 hours. 
In addition it can be stated that the instantaneous position of the centre of 
the emission did not deviate from the mean value by more than +1’. 

The event of 4 November 1957 was not connected with chromospheric 
flares and was not accompanied by its attendant phenomena (sudden 
ionospheric disturbances, geomagnetic effects and cosmic ray variations). 


+ According to Alsop et al. (1959 and 1960) the dynamic spectrum of the event of 
31 May 1959 in the decimetric waveband (500-950 Mc/s) had the same structure. In the 
periods when bursts with an intermediate drift rate towards the high frequencies ap- 
peared on the background of the decimetric continuum they were edged on the low- 
frequency side with a “dark band” indicating that the intensity of the continuum de- 
creases in this case. In several cases when intermediate-drift bursts drifting towards the low 
frequencies appeared on the background of the decimetric continuum they were also 
accompanied by “bursts in absorption”, but this time on the high-frequency side. 
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WIDE-BAND BURSTS OF SHORT DURATION 

Certain difficulties are also met when classifying the bursts of short 
duration (of the order of a second) and of relatively low intensity studied by 
Vitkevich (1956a, 1957c), Vitkevich and Gorelova (1960), Vitkevich, Gore- 
lova and Lozinskaya (1959) on a multi-channel receiver operating in the 
metric waveband. The majority of bursts of this kind can undoubtedly 
be included among the solar radio emission components we know (among 
types I and III bursts to judge from the characteristic life).t However, Vit- 
kevich chiefly investigated bursts whose intensity was comparable with the 
level of the “quiet” Sun or was two or three times greater than it. This 
circumstance allows us to assume that amongst these bursts there are 
components which are not observed or are observed extremely rarely in 
the dynamic spectra obtained by a radio spectrograph of relatively low 
sensitivity. 

An example of this component is shown in Fig. 75a where the dynamic 
spectrum of the radio emission is plotted from the data of simultaneous 
observations at several fixed frequencies. This event is a group of surges 
(“small broad-band peaks”) which in their properties occupy an inter- 
mediate position between types I and II bursts: the “life” of the surges 
(of the order of half a second) does not differ from the duration of type I 
bursts; the width of the frequency band occupied (6-26 Mc/s, averaging 
13 Mc/s) is greater than for type I bursts but less than for type III bursts; 
the frequency drift rate is typical of type III bursts. 

Activity of this kind was observed by Maxwell, Swarup and Thompson 
(1958) and Wild (see the remarks by Giordmaine et al., 1959) as a variety 
of noise storm whose dynamic spectrum in this case had a “feather” 
Structure (Fig. 75b). 


REVERSE-DRIFT PAIRS 

A fresh spectral feature of the solar radio emission in the metric wave 
band was found by Roberts (1958); it was given the name of reverse-drift 
pairs. 

In the dynamic spectrum (Fig. 76) each such burst consists of two bands, 
the features of one band being repeated (at the same frequency) in the 
second band with a lag of 1-5-2 sec. Both elements generally appear at 
a fixed frequency but at different times. Therefore both elements of the 


+ In these papers type I bursts (according to the terminology used by Vitkevich 
and Gorelova (1960)) correspond to “small narrow-band peaks” (4f -< 4 Mc/s) and 
type II bursts to “small peaks of long duration” (several seconds) apparently. 
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bursts in question are the result of a time “shift” and not frequency 
“splitting”.t 

In each element the frequency increases as the burst develops at a rate 
of 2-8 Mc/s?.t The duration of an element at one frequency is very small 
(of the order of 0-5 sec); the total duration of the phenomena in the 
dynamic spectrum is from a few seconds to 10 sec. The “instantaneous” 
band-width of one element is between 1 and 10 Mc/s; the frequency band 
covered during the development of the burst is between a few megacycles 
and a few tens of megacycles. 

About 10% of these bursts are located within the bands in the dynamic 
spectrum occupied by type III bursts (see Fig. 76b), forming the fine struc- 
ture of rapidly drifting events. At the same time the reverse-drift pairs are 
more intense than type III events. However, the pairs are generally 
found as an independent phenomenon unaccompanied by noticeable 
type III radio emission. The pairs of reverse-drift bursts are of moderate 
intensity: the radio-emission flux during these bursts does not exceed 
5X107% W m~2c/s~? in the 40-50 Mc/s range. The pairs appear very 
rarely at higher frequencies. Preliminary measurements indicate that their 
radio emission is not strongly polarized. 

The solar origin of the pairs is confirmed by interferometric observations. 

Since the features of one element of a twin burst are repeated with a 
certain lag at the same frequency inthe other element, it is natural to assume, 
following Roberts (1958), that the second element is an “echo” from the 
first element caused by reflection of the radio waves from the deeper 
layers of the solar corona. When the radio waves are propagated along 
the electron concentration gradient the reflection originates from the level 
where the refractive indexn(q) is zero, i.e. where œ = w, (without allowing 
for the magnetic field); when the propagation is at an angle to grad N 
the reflection is from layers slightly higher up (for further detail see sec- 
tion 22). 

For this point of view to be argued it is necessary for the radio-emission 


+ We know that this is not so for types II and III harmonic bands: both bands appear 
at different frequencies at about the same time, and the details of the structure are 
repeated simultaneously at different frequencies. Moreover, dynamic spectra of five 
reverse-drift pairs were once recorded, whose elements were definitely (unlike ordinary 
twin bursts) the result of frequency “splitting” at 0-5-1 Mc/s and not of time lag. The 
low-frequency elements of the twin bursts also showed splitting into several tenths of a 
megacycle, which was also noticeable in the high-frequency elements where the splitting 
was even smaller (0-03 Mc/s). However, Roberts is not convinced that bursts of this 
kind are of solar origin. 

+ Sometimes (very rarely) bursts are found with a drift towards the low frequencies; 
in all other respects they do not differ in any way from reverse-drift (towards high 
frequencies) pairs. 


15° 213 


The Sun’s Sporadic Radio Emission Ch. IV 


frequency œ of the burst pairs to differ noticeably (be greater) from the 
plasma frequency o; in the layers of the corona which surround the region 
where the bursts were generated. Then the level n(w) = 0 will be far enough 
from the generation region, which provides the second element with the 
necessary lag. For example, if w—w, + œr a lag of 1-5-2 sec can be 
explained by assuming that the gradient is close to that defined by the 
Baumbach—Allen formula (1.1). 

Within the plasma hypothesis the relation @—@, ~ wz for pairs will be 
satisfied if the observed radio emission is the second harmonic (w ~ 2a,), 
whilst the reverse-drift bursts without splitting, generally speaking, may 
also correspond to radio emission at the fundamental harmonic œ ~ œ; 
(Roberts, 1958). This assumption would be confirmed if at the same time 
as the burst pairs reverse-drift bursts at half the frequency were recorded. 
Roberts did not find one event of this kind. In section 31 this is explained 
by the fact that the radio emission intensity of reverse-drift bursts at the 
fundamental frequency œ ~ œ; is low. It should also be borne in mind 
that since reverse-drift pairs are largely observed in the 40-50 Mc/s range 
a frequency of half that would be beyond the working limits of the radio 
spectrograph (40-240 Mc/s). The latter circumstance did not permit a 
final decision on whether the rapidly acting type III bands within whose 
limits certain burst pairs are located are the second harmonic. 

In principle it is quite possible that the drift towards the high frequencies, 
i.e. in the direction opposite to that normally observed in types II and HI 
bursts, is caused by motion of an agent at a velocityt of (2-5) x 10° cm/sec 
in the regular corona towards the Sun’s surface, i.e. into layers of the corona 
with a higher electron concentration. It is more probable, however, that 
this kind of frequency drift obtains with ordinary motion of the agent away 
from the Sun; in this case the bursts under discussion appear in the regions 
of the corona where the effect of local inhomogeneities leads (unlike the 
regular corona) to a rise in a certain region of the electron concentration 
as one moves away from the Sun. 

From this point of view the connection between type III bursts and 
reverse-drift pairs is as follows. As it moves into the outer layers of the 
corona the agent generates an ordinary type III burst. On meeting a denser 
inhomogeneity than the surrounding corona the agent excites in the region 
of increasing concentration a short burst with reverse frequency drift, con- 

. tinuing at the same time to generate in the surrounding corona type III 
radio emission with a drift towards the low frequencies. In rare cases 
when the drift of the burst. pairs (and of the type III phenomena accom- 

’ ț The velocity of the agent is estimated by the formulae (13.1) and (13.4) for the 
model (1.1) of the corona, proceeding from the value of the frequency drift. 
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panying them) is towards the low frequencies; radio emission apparently 
appears in the second stage when the agent passes through an electron 
concentration maximum in a local inhomogeneity into a region with a 
concentration gradient running in the direction opposite to the motion. 


17. Sporadic Radio Emission and Geophysical Phenomena 


PRELIMINARY REMARKS 


A number of geophysical phenomena in the upper atmosphere are 
undoubtedly connected with solar activity (chromospheric flares, bursts 
of radio emission, etc.). The nature of the agent which is the direct cause of 
some geophysical phenomenon becomes clear if we remember how the 
latter lags behind the corresponding event on the Sun. 

All the comparatively brief geophysical phenomena can be divided 
into two groups in this way. The first group includes phenomena which 
are observed at practically the same time as the recording of the 
events occurring on the Sun (with an accuracy of up to a few minutes). 
Amongst these we must include above all the sharp drops in the level of 
the cosmic radio emission (blackouts) observed on Earth, the sudden atten- 
uations and cessations in reception of short-wave transmissions (fade-outs) 
and the disappearances of signals reflected from the E- and F-layers of the 
ionosphere. The immediate cause of all the phenomena is the increase in the 
absorption of radio waves in the D-layer. To this group belong the phase 
anomalies in long-wave propagation and increases in the level of atmospher- 
ics caused by a change in the actual height and reflecting power of the 
D-layer respectively. In the final count all these effects, which are combined 
under the name of sudden atmospheric disturbances, and the variations 
in the geomagnetic field connected with the change in the ionospheric 
currents are caused by a rise in the ionization of the D-layer. If we remember 
that the electromagnetic radiation both in the radio band and at the higher 
frequencies travels the distance from the Sun to the Earth at the same veloc- 
ity, whilst the sudden ionospheric disturbances are observed only during 
the day, it becomes clear from what we have been saying that the basis of 
these phenomena is the action of electromagnetic radiation or, to be more 
precise, of ionizing radiation from the X-ray (and far ultraviolet) part of 
the solar spectrum. 

As well as the practically simultaneous phenomena there is a second 
group of events which occur with a lag of between a few tens of minutes 
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and several days after the solar phenomena. They include cosmic-ray 
flares, the rise in the absorption of radio waves in the polar regions (polar 
black-outs), ionospheric storms, geomagnetic storms with a sudden begin- 
ning and aurorae. These events owe their origin to the action of solar 
corpuscular radiation.t 

The characteristic time of the longer duration geophysical phenomena 
—slow variations in ionospheric parameters and the degree of the geo- 
magnetic field’s perturbation (magnetic storms with a gradual beginning)— 
is a few tens of days. These phenomena show 27-day variations whose 
presence indicates that on the Sun there are long-lived local centres which 
take part in the Sun’s rotation about its axis and affect the upper layers of 
the Earth’s atmosphere by means of ionizing radiation and corpuscular 
fluxes. 

As well as the above-mentioned geophysical effects there are very slow 
long-period changes in the state of the upper atmosphere which depend 
on the general level of the solar activity over the whole 11-year cycle and 
are apparently determined by the combined action of ionizing radiation 
and corpuscular radiation. 

It should be stressed that the correlation of the above-mentioned geo- 
physical phenomena with the optical indices of the solar activity is by no 
means complete and neither is the correlation of the latter with the effects 
of the solar sporadic radio emission. The absence of an unambiguous 
agreement between the optical and the radio indices of the solar activity 
allows us to hope that certain components of the solar radio emission 
have a closer connection with geophysical phenomena than events observed 
in the optical part of the spectrum. In the latter case the nature of the geo- 
physical phenomena allows us to judge the origin of the individual compo- 
nents of the Sun’s radio emission. In addition this connection may be of 
considerable help in the matter of forecasting geophysical phenomena 
(Artem’yeva, Benediktov and Getmantsev, 1961).t 


t Since the velocity of the particles may be close to the velocity of light it can be 
taken a priori that the fast charged particles moving from the Sun to the Earth are also 
a basic cause of certain of the above-mentioned “simultaneous” events. However, 
because of the effect of the magnetic fields that deform the trajectories of the charged 
Particles in the corona and in interplanetary space, the time taken to travel from the 
Sun to the Earth even by very fast particles making up cosmic rays of solar origin is 
usually not less than an hour. 

ł A large number of papers has been published on the Sun—Earth problem as a 
whole and on the question of the connection between solar radio emission and geo- 
physical phenomena (see in particular Ellison, 1959; Eigenson et al., 1948; Proceedings 
of the Conference of the Commission on Solar Research, 1957), However, some of the 
papers are rendered to a considerable extent valueless by the absence in them of any 
clear-cut classification according to the nature of the dynamic spectrum of the events 
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RADIO EMISSION OF THE SUN AND SUDDEN JONOSPHERIC DISTURBANCES. 
CONNECTION BETWEEN MICROWAVE BURSTS AND HARD SOLAR RADIATION 


When we come to discuss the connection between sporadic radio emis- 
sion and geophysical phenomena of the first group caused by solar ionizing 
radiation, we must make the reservation that these phenomena provide 
only indirect information on the latter from the magnitude and nature of 
the variation in the electron concentration in the ionosphere. On the other 
hand, data on the radiation intensity cannot be obtained from terrestrial 
observations since the part of the solar spectrum of interest to us is absorbed 
in the atmosphere. Rocket investigations are not effective enough either 
when studying the correlation of the ionizing component with the solar 
activity phenomena because of the short duration of the experiment, 
although they have provided a number of valuable results on the spectrum 
of the ionizing radiation during chromospheric flares and its connection 
with microwave bursts (see below). Investigations in artificial Earth satel- 
lites may be of great help in this respect. 

As for the sudden ionospheric disturbances, here the fact that the 
electron concentration N in the ionosphere increases as the flux S of the 
ionizing radiation at the edge of the Earth’s atmosphere rises is qualita- 
tively clear, although it is not so simple to establish quantitative relation- 
ships between N and S. In the majority of cases the dependence of Non S 
is determined from formulae that are valid for a simple ionized layer (the 
Chapman layer; see, e.g. Mitra, 1955 and Al’pert, 1960, Chapter V). It 
should not be forgotten, however, that this model is only a rather rough 
approximation to the truth. 

For a simple layer the change in the electron concentration in time is 
described by the equation 


dN _ 2 
aye = J — tex N?*, (17.1) 


in the Sun’s radio emission. This is particularly true of certain papers (Dodson, Hede- 
man and Owren, 1963; Avignon, Boishot and Simon, 1959; Sinno and Hakura, 1958a; 
Budéjicky and Svestka, 1958; Sinno and Hakura, 1958b; Mitra, 1955; Al’pert, 1960; 
Davies, 1954; Kawabata, 1960b; Hachenberg and Volland, 1959; Kundu, 1961b; 
Peterson and Winkler, 1959; Heitler, 1956; Denisse and Kundu, 1957; Kundu, 1960; 
Minnis and Bazzard, 1958; Taubenheim, 1958; Kerblai and Kovalevskaya, 1960; 
Obayashi, 1959; Yudovich and Fel’dshtein, 1958; Sinno, 1959; Zhigalov, 1960; also 
part of Budéjicky and Švestka, 1958; Sinno and Hakura, 1958b) in which the connection 
between geophysical phenomena and the Sun’s radio emission was studied from obser- 
vational data at fixed frequencies in the metric band. The division of sporadic events by 
the nature of their profile at one frequency used by Dodson, Hedeman and Owren 
(1963), Avignon, Boishot and Simon (1959), Yudovich and Fel’dshtein (1958) cannot 
provide enough information for definite identification of the observed events with the 
radio emission components discussed in this chapter. 
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where ag is the effective recombination coefficient, J is the ionization 
index (the number of atoms ionized in unit time in a unit volume). At the 
layer’s maximum J is defined by the relation 


J= cos Q. (17.2) 


= We 2 
€; heg 
Here £, is the ionization potential, h,, is the reduced height of the atmos- 
phere, ¢ is the Sun’s zenith angle, e = 2-71... 

With a quasi-static variation in the ionospheric parameters, when 
|dNonax/@t| < der N2,,,, it follows from (17.1) and (17.2) that 


max? 


S = €;eheg aer N2ax Sec p ~ fi max SCC p. (17.3) 


The latter relation allows for the fact that the concentration at the layer 
maximum N „ax is proportional to the square of the plasma frequency fr max 
in this region (i.e. to the square of the layer’s critical frequency with normal 
incidence; see section 7). Therefore when S (and p) changes slowly enough 
the index of the level of the ionizing radiation can be the quantity f$ max SCCY; 
forthe E-layer fz maxis easy to find from the results of pulsed radio sounding 
of the ionosphere. 

In the cases when dN,,,,/dt is a noticeable part of «,¢ N2,, the quantity 
J, and therefore S, can be determined from the equation (17.1) taking 
dN nax/dt into account. The variations of S can be judged here from the 
change in dN nax/dt and N „ax during ionospheric disturbances; for the D- 
layer the latter quantities can be obtained on the basis of investigations 
into the degree of absorption of the radio waves in the above period (see 
p. 334). 

Sudden ionospheric disturbances caused by a rise in the ionization of 
the lower layers of the ionosphere caused by the Sun’s soft X-radiation 
(mostly in the 2-10 A range) show a clear correlation with chromospheric 
flares. The correlation increases as the strength of the flares and their 
altitude above the photosphere increase, becoming practically complete 
for 3 and 3+ flares (Warwick and Wood, 1959; Dodson, Hedeman and 
Owren, 1953; Hachenberg and Krüger, 1959).t 

The ionizing radiation is generated by flares accompanying bursts 
at metric wavelengths and also by flares unconnected with noticeable 
effects in this range (Dodson, Hedeman and Owren, 1953; Budéjicky and 
Svestka, 1958). On the other hand, sudden ionospheric disturbances largely 
accompany only the chromospheric flares and bursts in the metric band 
which are connected with surges of radio emission at centimetric wave- 


t We notice, by the way, that a similar connection with bursts also holds for micro- 
wave bursts of radio emission. 
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lengths; if the spectrum of the sporadic radio emission during a flare is 
restricted to the metric waveband it cannot be the source of intense ionizing 
radiation (Warwick and Wood, 1959; Hachenberg, 1960). Therefore the 
correlation between the bursts of radio emission and the ionospheric 
disturbances increases as we move from the metric into the decimetric 
and then into the centimetric band (Artem’yeva, Benediktov and Get- 
mantsev, 1961; Davies, 1954), where bursts accompany more than 80% 
of all sudden ionospheric disturbances (Hachenberg and Kriiger, 1959) 
(according to different data (Kawabata, 1960b)—about 70% of all and 95% 
of the strong ionospheric disturbances). At the same time microwave 
bursts are more frequent phenomenon than sudden disturbances of the 
ionosphere: the latter accompany a little more than half (Dodson, Hede- 
man and Covington, 1954; Hachenberg and Kriiger, 1959) (according to 
Kawabata, 1960b, about a third) of all the bursts. 

The question naturally arises: how do the microwave bursts of radio 
emission accompanying these geophysical effects differ from bursts that 
are not connected with them? This difference is not determined unambig- 
uously by the nature of the burst profile since all three types of burst 
classified in section 11 are found among the events in the radio band accom- 
panying ionospheric disturbances: simple bursts (A), post-bursts (A-B) 
and gradual rises and falls (C) (Figs. 77-79). At the same time type B and 
C events are connected more often with sudden ionospheric disturbances, 
particularly if they reach a great strength (Kawabata, 1960b). Among the 
bursts without ionospheric disturbances we should note the group with 
a frequency spectrum that rises towards the decimetric wavelengths 
(Hachenberg and Kriiger, 1959). 

Interesting results are obtained when we compare the profiles of bursts 
of solar radio emission at A = 3:2 cm with the variations in the intensity 
of the Sun’s ionizing radiation during individual sharp increases in the 
absorption of short radio waves in the ionospheric D-layer (Hachenberg, 
1960; Hachenberg and Volland, 1959). 

Figures 77 and 78 show the results of observations of the variation in 
the intensity of the solar radio emission and the rise in the absorption 
in the D-layer when two chromospheric flares appeared on the Sun’s 
disk. Both phenomena—bursts and fade-outs—were recorded almost 
simultaneously, although the nature of their time dependences has little 
in common. 

The position changes if we move from the observed variation in the 
optical thickness z in the D-layer to the time-dependence of the flux S of 
the ionizing radiation. The variation in t during a flare, as can be easily 
checked by the example of Figs. 77 and 78, can be approximated with 
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sufficient accuracy by a curve of the form 


At =T—To X Gs) exp (1- : (17.4) 
to to 
Here to is the value of the optical thickness before the start of the fade-out 
and fo is a parameter describing the duration of the event. If we remember 
that in the D-layer the absorption coefficient u and the optical thickness 
t are proportional to the electron concentration N, then obviously 


AN œx At (17.5) 
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Fic. 77. Comparison of the profile of a microwave burst of solar radio emis- 
sion during the flare of 5 June 1958 with the variation in the flux of the 
ionizing radiation calculated from data on the ionospheric absorption of sig- 
nals from short-wave radio stations: 1—radio burst profile at A = 3-2 cm; 
2—relative increase in Az, the optical thickness of the D-layer (4t/r); 3— 
curve approximating the dependence of At on the time ¢; 4—-time-dependence 
of the flux of the ionizing radiation 4S calculated for the Chapman layer 
(Hachenberg, 1960). 


and the rise in the value of N during a flare can also be approximated by a 
curve like (17.4). A calculation of the variation in the flux of the ionizing 
radiation made by Hachenberg and Volland (1959) using relations of the 
(17.1) and (17.2) type (allowing for (17.4) and (17.5)) showed that the func- 
tion S(t) corresponds well to the profile of the microwave burst of radio 
emission accompanying the flare although it can be seen to be not com- 
pletely identical (see Figs. 77 and 78). 
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From the nature of their profiles the bursts of radio emission in the 
figures shown can be included in class A and A-B respectively. Figure 79 
shows the variation in the absorption in the D-layer which accompanies a 
type C burst. Since the process takes place quite slowly it can be looked 
upon as being quasi-stationary by neglecting the term dN,,,,/dt in the equa- 
tion (17.1). In this case, as can easily be followed from the formulae (17.1), 
(17.2) and (17.5), the small variations in the flux of the ionizing radiation 
simply repeat the variations in the degree of absorption. The latter, as is 
clear from the figure, are similar to the time-dependence of the radio 
emission flux at 2 = 3-2 cm. 


& Sy rel. units 
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Fic. 78. The same as Fig. 77 for the flare of 14 Fia. 79. Profile of a “gradual rise and 
December 1957 and an event of the “burst with fall” type of burst at 2 = 3-2 cm (a), 
gradual post-burst decay” type (Hachenberg, rise in the ionospheric absorption (b) 
1960). and in the level of atmospherics during 
the flare of 2 November 1957 (c) 
(Hachenberg, 1960). 


A close connection is found between microwave bursts and harder 
ionizing radiation when we compare the results of balloon and rocket meas- 
urements of the flux of radiation with an energy of 20-70 keV per quantum 
and the data from radio observations (Kundu, 1961b). All seven “bursts” 
of X-radiation (whose spectrum is actually a continuation into the short- 
wave band of the intense spectrum of the emission ionizing the D-layer 
during sudden ionospheric disturbances) investigated were accompanied 
by microwave bursts. Events in the metric band (type HI) occurred only. in 
three cases; in two of them the connection of these events with the X-radia- 
tion is doubtful, since the type III bursts were weak and were observed for 
a time far shorter than the period of intense radiation. On the other hand, 
the microwave bursts also show a detailed correlation with the variation 
in the X-radiation flux, as can easily be confirmed by looking at Fig. 80. 
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The microwave bursts accompanying hard X-radiation belong to the 
class of short-lived outbursts (see section 11). The size of the generation 
region may for them be quite large; for example, in one case a burst connect- 
ed with hard radiation originated from a source about 4’ and 8’ in diam- 
eter at wavelengths of 3 and 21 cm, whilst in the rest of the cases investi- 
gated the size was not more than 2’ and 4’ respectively. The radio emission 
frequency spectrum S,(A) falls rapidly as we move from the centimetric 
into the decimetric band and the brightness temperature at wavelengths 
of A > 3 cm is 108-10? °K for bursts not accompanied by emission in the 
metric waveband; the spectrum appears to slope less and 7, reaches 
10’-108 °K for two bursts accompanied by type IIT emission followed by 
type II and IV bursts. 

The data given show that in the regions occupied by chromospheric 
flares or in the ones adjacent to them X-radiation is generated, the nature 
of its variation with time having much in common with the profile of 
microwave bursts. 

We should point out that in exceptional cases flares are the sources 
of even harder radiation. This is shown by the event of 20 March 1958, 
when for about 20 sec a “burst” of y-rays was observed on Earth with 
an energy of fiw ~ 0-2-0-5 MeV per quantum (ñ is Planck’s constant) 
(Peterson and Winkler, 1959). The y-quantum flux, which reached (1-6-— 
2:8) 1075 erg/cm?/sec, was accompanied by a microwave outburst of 
radio emission. The duration of the radio burst was close to the duration 
of the gamma-radiation. More detailed information about this “burst” is 
given in section 11; ideas on the possible mechanisms of the gamma and 
radio emission are discussed in section 30. 

It follows from section 30 that the y-quanta in the final count owe their 
origin to relativistic particles as does the radio emission that accompanied 
the “burst” of y-rays. An additional indication of the connection between 
the radio emission and relativistic velocities was the fact that a source at 
A = 21 cm reached a size of more than 8’ (3-5 105 km) for about 1 sec 
(Denisse, 1959b). 

The comparison made of the nature of the time dependences of the solar 
emission flux at radio frequencies on the one hand and of X- and gamma 
rays on the other can be treated only as a first attempt in this direction. 
Even now, however, very valuable results have been obtained here that 
indicate the close connection of what appear to be such remote components 
of the solar spectrum. 

Returning to the question of the correlation of the sporadic radio emis- 
sion with the ionizing radiation we recall that above we had in mind the 
part of the radiation which causes the ionization of the ionospheric D-layer. 
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As for the E-layer, the slow variations initsstate are closely connected 
with the level of the slowly varying component of the solar radio emission 
(Denisse and Kundu, 1957; Kundu, 1960; Minnis and Bazzard, 1958; 
Taubenheim 1958). If we take here as the initial data the values of the 
radio emission flux averaged for 5-day intervals and the index ff mar sec yt 
obtained from midday measurements of the critical frequency of the E-layer 
with normal incidence, then it turns out (Kundu, 1960) that the corre- 
lation coefficient, which is very high in the 3-30 cm range (about 0-8; see 
Fig. 81), drops sharply (to 0:2) as the wavelength increases.t Since the 


th max SEC Qy Mc/s‘ 51074 Wm >c? 





150 200 300 100 200 


Fic. 81. Correlation diagram of combined five-day values of the parameter 
Su max Sec g and the flux of solar radio emission Sy at A = 10-7 cm (Kundu, 
1960). 


slowly varying component also reaches its maximum development in the 
A ~ 3-30 cm range it becomes clear that the conditions under which the 
slowly varying component is generated in the inner layers of the corona 
also make possible an increase in ionizing radiation with a wavelength of 
a few tens of angstroms.§ 


SOLAR RADIO EMISSION AND MAGNETIC STORMS WITH A SUDDEN BEGINNING. 
PROPERTIES OF GEOEFFECTIVE CORPUSCULAR STREAMS 


We spoke above of disturbances in the lower layers of the ionosphere 
whose source is ionizing radiation from the upper chromosphere or the 


t The index //,... sec p, according to what has been said above, characterizes the 
flux S of the ionizing radiation when there is a quasi-stationary change in the ionization 
conditions. 

} For the correlation of the solar radio emission flux with the critical frequency see 
also Artem’yeva, Benediktov and Getmantsev (1961), Taubenheim (1958) Kerblai and 
Kovalevskaya (1960). 

§ The reader can obtain fuller information on short-wave solar radiation from 
Shklovskii (1962), Nikol’skii (1962). 
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inner corona. We shall now discuss geophysical phenomena of the second 
group caused by the action of solar corpuscular fluxes, starting with iono- 
spheric and magnetic storms and aurorae. 

‘Tonospheric storms, unlike sudden ionospheric disturbances, are chiefly 
observed in the upper layers of the ionosphere (in the F; and Fe layers). 
An ionospheric storm sometimes starts at night-time; it generally lasts for 
several days. An ionospheric storm is characterized by sharp changes in 
the critical frequency of the F, layer, a rise in the actual altitude of the Fy 
layer and breakdowns in radio communication. In the polar regions, 
where the ionospheric storms are particularly strong, the regular structure 
of the upper ionosphere breaks down, the characteristic stratification dis- 
appears and the distribution of the electron concentration becomes ex- 
tremely non-stationary.t These phenomena are accompanied by aurorae 
which are sometimes noticeable even at middle latitudes; ionospheric 
storms are also closely connected with strong disturbances of the Earth’s 
magnetic field (geomagnetic storms with a sudden beginning); the state of 
the latter is a convenient index’ for quantitatively estimating the intensity 
and duration of the group of phenomena under discussion. 

Geomagnetic disturbances generally follow chromospheric flares, lag- 
ging a few days behind them. This can easily be checked from the example 
of Fig. 82, where the values of the geomagnetic activity index (the K- 
index)? were obtained by the method of “epoch superimposition” on the 
days preceding the flare and the days following it: the disturbances of the 
geomagnetic field increase after a flare, the increase in activity appearing 
about 2-3 days later (Avignon, Boishot and Simon, 1959). If at the same 
time we remember that the geophysical phenomena under discussion start 
not only during the day but also at night, it becomes clear that the cause 
of these phenomena may be only corpuscular streams moving away from 
the Sun at a velocity of the order of 103 km/sec. At the same time the sud- 
den start of geomagnetic storms is connected with the fact that a rapidly 
moving (V, ~ 10° km/sec) corpuscular stream meets a slowly moving 
Earth§ chiefly from the side of its well formed front (Fig. 83a). 

In the majority of cases it is hard to establish an unambiguous connec- 
tion between the flare and the.magnetic disturbance. However for certain 
particularly intense events (very strong flares accompanied by magnetic 


t For the features of geomagnetic and ionospheric storms see, e.g., Obayashi (1959) 
and Al’pert (1960, section 18). 

: The K-index is a measure of the amplitude of the most disturbed element in the 
magnetograms during each 3-hour period. The K-index takes up values from 0 (mag- 
netically quiet days) to 9 (strong magnetic storms). 

§ The orbital velocity of the Earth is far less—about 30 km/sec. 
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storms of great strength)t this correspondence holds. The lag may be days 
or less; for example magnetic storms started only 19-5t and 26:5 hours 
after the strength 3+ flares observed on 28 February 1942 and 25 July 
1946 respectively (Ellison, 1959). We notice that magnetic storms are 
largely connected with the flares that are located in the central part of the 
Sun’s disk, which indicates the quasi-radial nature of the motion of the 
corpuscular streams away from the Sun (Kuiper, 1953, chapter 6). 
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Fic. 82. Time-dependence of the K-index Fic. 83. Motion of geoeffective corpuscu- 

averaged over 115 events; the start of the lar streams from the Sun to the Earth: (a) 

reading was taken as the time the when magnetic storms with a sudden 

chromospheric flare appeared start appear; (b) when magnetic distur- 
(Dodson, 1958). bances with a gradual start appear. 


In Fig. 82 when investigating the connection of chromospheric flares 
with geomagnetic storms the only flares chosen were those that at the pre- 
maximum phase were accompanied by large bursts of radio emission at 
metric wavelengths. 


+ Strong magnetic storms include disturbances during which the change in the 
geomagnetic field strength exceeds 200-300y (y = 10-5 oe). During particularly intense 
storms the variations reach 800-1000y. 

t This lag corresponds to a flux velocity of about 2 x 10° km/sec. 
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The close connection between magnetic disturbances and breakdowns in 
radio communication and powerful bursts having a complex S,(¢) profile 
was established- by Yudovich and Fel’dshtein (1958) (see also Zhigalov, 
1960). According to the data of a statistical analysis of 10-year observa- 
tions (Sinno, 1959) the probability of the appearance of magnetic storms 
rises noticeably as the strength of the flare increases and the intensity of 
the bursts accompanying them. Unfortunately observations at fixed fre- 
quencies did not make it possible to establish the spectral class of the 
bursts investigated by Avignon, Boishot and Simon (1959), Yudovich and 
Fel’dshtein (1958), Sinno (1959) and Zhigalov (1960) although it is quite 
possible that some of them belong to type II (in Zhigalov (1960) to 
type IV). 

Correlation of geomagnetic disturbances with type II bursts was noted 
by Roberts (1959a, 1959b), Maxwell, Thompson and Garmire (1959) and 
Thompson (1959). The disturbance of the magnetic field increased 1-5-2 
days after bursts of this kind; at the same time there was no correlation for 
strength 2 or 3 flares or for powerful type III bursts in the cases when these 
phenomena were not accompanied by type II events. However, to judge 
from other data (McLean, 1959; Sinno, 1959; Simon, 1960b; Kamiya, 
1961 and 1962), the magnetic disturbances are more closely connected not 
with type II events, but with type IV radio emission following certain of the 
slowly drifting bursts. What has been said is confirmed by Fig. 84, from 
which it follows that geomagnetic storms show no correlation with the 
group of slowly drifting bursts not followed by a type IV continuum (or 
with the start of noise storms). At the same time the level of geomagnetic 
activity increases sharply 1-3 days after the recording of type IV events. 
Here the strength of the magnetic storm rises if the type IV radio emission 
appears during large flares (strength 2+ or 3) (Simon, 1960b), particularly 
if they are located near the central meridian (Kamiya, 1961 and 1962). 
In the figure we can also see a certain (but less definite than for type IV) 
rise in the disturbance of the Earth’s magnetic field after strength 3 flares 
not accompanied by a type IV continuum. 

In the light of what has been said the connection between type II bursts 
and geomagnetic disturbances can be explained by the fact that many of 
the slowly drifting events analysed by Roberts (1959a and 1959b), Thomp- 
son (1959) were accompanied by type IV radio emission. However, as a 
whole the question of whether magnetic storms are connected with all 
type II bursts or only with some of the bursts preceding type IV radio 
emission remains unclarified (in this connection, see Wood, 1961), It is 
quite possible that geomagnetic disturbances are connected with both types 
of event and the insufficient number of observations affects the results of 


226 


§ 17] Sporadic Radio Emission 


analysing this connection which is generally carried out by the “super- 
imposing of epochs” method. 

In one way or another a close correlation of magnetic storms with types 
If and IV phenomena exists and is quite natural since these components 
of the radio emission are caused by agents moving in the corona at veloc- 
ities which are the same in order of magnitude as the estimates of the 
velocity of the geoeffective corpuscular streams. In sections 13 and 15 it was 
found that the velocity of the radio emission agents is about 10* km/sec 


K-index 





2-1 0 i 2 3 4 5 6 7 8 
Days after start of event 


Fic. 84, Correlation of geomagnetic disturbances: (a) with type IV radio 

emission; (b) with type II bursts without type IV; (c) with noise storms whose 

start is connected with chromospheric flares; (d) with strong flares unconnect- 

ed with noticeable type IV radio emission. The mean values of the K-index 
are plotted at 3-hour intervals (McLean, 1959). 


or slightly more. The velocities of the geoeffective streams obtained from 
the lag time of the magnetic storms on Earth relative to the flares on the 
Sun also amount to 1000 or 2000 kilometres per second. On the other 
hand, they agree with the velocities of the most rapid ejections of material 
from a region of chromospheric flares (section 2). The close connection 
between all these phenomena and the agreement of the orders of the veloc-. 
ities convince us that we are dealing with a combination of events which 
in the final count are produced by a common cause and develop sequen-. 
tially during the motion of a corpuscular stream from the flare towards the 
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Earth.t This circumstance is very important since it allows the observed 
features of the magnetic storms and geoeffective corpuscular streams to be 
used to get an idea of the nature and properties of these streams during 
the generation of the radio emission in the solar corona. 

The concentration N, of particles in the solar streams near the Earth 
can be estimated if we know the change in the geomagnetic field AHo in 
the initial phase of the magnetic storm (Martyn, 1951): 


8(4Ho)* 


N. ; 
ô am V2 


(17.6) 

Putting AHo > 200y = 2X107? oe, the mass of one particle (a proton) 
in the stream m, = 1:7 10~24g and the velocity V, ~ 10° cm/sec, we find 
that the particle concentration in the geoeffective stream near the Farth is 
N, 2 5X10? protons/cm?. The question of the particle concentration in 
the geoeffective flux is discussed in detail in Proc. of the Conf. of the Comm. 
on Solar Research (1957). 

The{corpuscular bunches that cause magnetic storms with a sudden start 
carry magnetic fields with them. The screening action of these fields can 
be used to explain the decrease of several percent in the intensity of cosmic 
rays of galactic origin during very strong storms (the Forbush effect). 
According to Dorman (1957)a bunch with an extent of 0-1 a.u. (1:5 X 10” km) 
will cause the observed decrease in the cosmic rays on Earth if the 
magnetic field in the stream is H 2 1074 oe. Direct measurements of the 
magnetic field by the artificial satellite “Explorer X”, whose maximum 
-distance away from the Earth was several hundred thousand kilometres, 
made it possible to find (Geomagnetizm i Aeronomiya, 1961) that at periods 
of strong disturbances that are probably connected with the passage of 
‘corpuscular streams from chromospheric flares the field strength changed 
from 5 to 40y (i.e. from 0-5 x 1074 to 41074 oe). This agrees with the 
estimate given above for the field in the streams according to the Forbush 
effect. 


+ The velocity of plasma bunches—the sources of type IV radio emission and geo- 
‘magnetic storms with a sudden beginning— is far greater than parabolic (on the Sun’s 
‘surface the latter is 6 x 10? km/sec). In certain cases the plasma bunches definitely move 
in the corona at a velocity far less than parabolic; the reciprocating motions of the agent 
that occur in this case explain the appearance of the rare type II U-bursts (see section 
13). It is not out of the question that sometimes a radio-emitting plasma bunch ejected 
from a flare at a velocity that is close to parabolic but does not reach it can be considered 
a natural satellite of the Sun until the coronal material’s resistance to its motion signi- 
ficantly reduces its velocity (Vitkevich, 1962b). However, cases of this kind of periodic 
motion of a source of radio emission around the Sun with a period that differs signifi- 
-cantly from 27 days (i.e. from the period of the Sun’s rotation about its axis) have not 
yet been observed by anybody. 
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Therefore a solar corpuscular stream that causes magnetic storms with 
a sudden beginning on Earth and the phenomena accompanying them is 
ejected from the region of a chromospheric flare at a velocity of the order 
of 10? km. When it passes through the corona it causes radio emission of 
spectral types II and IV. Since this stream carries a magnetic field it would 
be incorrect to look upon it as a system of separate particles penetrating 
the solar corona and interplanetary space. The stream is more a bunch of 
plasma with a magnetic field “frozen” into it.t The configuration of the 
lines of force to a certain extent ensures “magnetic insulation” of the 
stream from the penetration into it of charged particles from outside 
(Forbush effect).t Below we shall be able to confirm that this insulation 
permits fast charged particles accelerated in the solar atmosphere to be 
retained in the region occupied by the stream and to be transported 
toward the Earth’s orbit. 

Apart from magnetic storms with a sudden beginning which develop 
completely in a time of the order of an hour, there are also storms with a 
gradual beginning in which the geomagnetic field disturbances are weaker 
and more regular and increase in the course of a day. If the phenomena 
with a sudden beginning are caused by plasma bunches, whose sharply 
limited front flows towards the Earth (Fig. 83a), then the disturbances with 
a gradual beginning owe their appearance to lengthy corpuscular streams 
emitted from active regions of the Sun’s disk occupied by spots and flocculi. 
Streams of this kind, taking part in the rotation of the Sun around its 
axis, catch up the Earth in its orbit so that the Earth largely enters the 
stream from the side where the particle density (and accordingly the extent 
of the magnetic disturbances) rises gradually (see Fig. 83b). 

The duration of the emission of streams from active regions can be 
judged from the clear tendency to a 27-day repetition of the magnetic 
field’s K-index value. The absence of the Forbush effect and the low ampli- 
tude of the magnetic disturbances as the Earth passes through the long- 
lived streams indicate that the latter do not bear with them “frozen in” 
magnetic fields and their intensity is much less than the corresponding 
value for sources of magnetic storms with a sudden beginning. 

Magnetic disturbances with a gradual beginning show a clear correlation 


+ We note that geoeffective streams in the form of plasma bunches with a magnetic 
field ejected from chromospheric flares are, of course, quasi-neutral in nature: the 
electrical charge of the positive particles (mostly protons) is compensated for with great 
accuracy by the charge of the negative particles (electrons). We can therefore say that 
the electron concentration in the stream is close to the proton concentration. 

} According to the data of Kamiya (1961 and 1962) there is a very close connection 
between the Forbush effect and type IV events: almost all the decreases in the cosmic 
ray intensity on Earth follow flares accompanied by type IV radio emission. 
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with the appearance in the central part of the Sun’s disk of very large 
spots (with an area of not less than 107? of the Sun’s hemisphere), the 
maximum of the magnetic storm appearing about 2 days after the group 
of spots intersects the central meridian and 2-4 days after the radio emis- 
sion maximum at metric wavelengths (Gnevyshev, 1960; Van Sabben, 
1953; Kuiper, 1953, chapter V). This correlation is apparently unconnected 
with activity of the type of chromospheric flares near spots (Kuiper, 1953; 
Simon, 1955a and 1955b). 

It is not difficult to estimate the velocity of the particles making up the 
corpuscular stream from the value of the above lag connected with the 
distortion of the corpuscular streams due to the rotation of the Sun (Fig. 
83b); it is equal to approximately 10° km/sec or slightly less (for further 
detail, see Mustel’, 1957). 

Of undoubted interest is the fact that disturbances of the geomagnetic 
field and the ionosphere with a gradual beginning largely accompany the 
spots which display noticeable activity in the radio band. On the other 
hand, when the central meridian is intersected by a group of spots with 
which radio emission sources of the noise storm type are not connected, 
in certain cases it is not an increase but even a decrease in geomagnetic ac- 
tivity that is observed (Simon, 1955a; Denisse, 1953; Simon, 1955c). The 
latter may possibly be caused by the fact that the inactive region itself does 
not emit geoeffective streams, creating at the same time, due to the 
magnetic field of the group of spots, a so-called “cone of avoidance” with 
its apex in this group. Since it is difficult for streams from other centres 
of activity to penetrate inside the cone the passage of the Earth through 
the “cone of avoidance” is accompanied by a weakening of the degree 
of the geomagnetic disturbances (Roberts, 1955). It follows from this that 
the radio emission connected with the spots is one of the most important 
characteristics which to a considerable extent determines the effect of the 
solar centres of activity on the Earth’s magnetic field and ionosphere.t 


RADIO EMISSION OF THE SUN AND POLAR BLACKOUTS. CONNECTION BETWEEN 
CONTINUUM-TYPE RADIO EMISSION AND THE APPEARANCE OF ENERGETIC 
PARTICLES 

At a period of magnetic storms with a sudden beginning in polar regions 
there is often a strong rise in the absorption in the ionosphere at altitudes 


t According to Muste?’ (1957) corpuscular streams of long duration are actually con- 
nected not with spots but with flocculi. It is therefore of interest to study the correlation 
between geomagnetic storms with a sudden beginning and the slowly varying compo- 
nent of the solar radio emission in the decimetric band whose close correspondence with 
flocculi is solidly established. 
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below the E-layer. As a result reflected signals disappear during pulsed 
ionospheric sounding (or the value of the minimum frequency at which 
reflected pulses can still be observed); in addition there is a sharp drop in 
the level of the cosmic radio emission received on Earth. The combination 
of these phenomena has been given the name of polar blackouts. As well 
as the blackouts developing together with magnetic storms and the For- 
bush effect (Freier, Ney and Winckler, 1959), a rise in the absorption in 
the lower ionosphere near the geomagnetic poles may also occur long 
before the start of a magnetic storm, preceding the latter by an average of 
20 hours. In these cases the polar blackout is recorded an hour or more 
after the large chromospheric flares. 

A blackout develops as follows. It is first localized in two comparatively 
small regions near the geomagnetic poles; gradually the area of these 
regions increases, and at the time of arrival of the magnetic storm the 
enhanced absorption completely covers the polar regions. In the process 
of a magnetic storm’s development the blackout moves into lower 
latitudes, so that in the main phase of the magnetic storm the ab- 
sorption becomes weaker in the polar regions and becomes stronger in 
the auroral zone (Hakura and Goh, 1959; Hakura, Takenoshita and 
Otsuki, 1958). 

The short time lag of many polar blackouts relative to events on the 
Sun indicates that these phenomena are caused by particles whose velocity 
is much greater than the velocity of the corpuscular streams responsible 
for the appearance of magnetic storms with a sudden beginning. 

According to Bailey (1959), Reid and Leinbach (1959), the ionizing 
agent may be protons with an energy of the order of several tens of mega 
electron-volts injected by the Sun during chromospheric flares. Charged 
particles with this kind of energy can penetrate to altitudes of about 100 km 
only in the polar regions of the Earth, this being prevented by the magnetic 
field in the low geomagnetic latitudes; from this point of view it becomes 
understandable why the phenomenon of polar blackouts is observed only 
in high latitudes. At the same time the protons that cause the blackouts 
cannot be recorded at the Earth’s surface since their energies are insuffi- 
cient for them to pass right through the Earth’s atmosphere. Therefore the 
appearance of protons with an energy between several tens and several 
hundreds of mega electron-volts in the neighbourhood of the Earth after 
flares and the close connection of polar blackouts with similar particles 
have been established only by observations at great altitudes by sounding 
balloons and artificial Earth satellites (Anderson, 1958; Freier eż al., 1959; 
Winckler et al., 1959a and 1959b; Rothwell and McIlwan, 1959; Brown 
and D’Arcy, 1959; Charakhch’yan et al., 1961). 
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If the differential energy spectrum of protons of solar origin can be 
characterized by a power function of the form 


P(Exin) d&xin = FER. d& xin, (17.7) 


then the parameters F and y are different for different flares. In the energy 
range from several tens to several hundreds of MeV the values of y are 
generally 4-5, although they may be more or less than this. The coefficient 
F characterizing the flux density of the energetic protons in the Earth’s 
vicinity varies within very broad limits; as a guide we can take it that F 
reaches 2X 10° if Zxin is expressed in MeV and P in cm™? sec™4 (Anderson 
and Enemark, 1960). 

Polar blackouts show a close connection with type IV radio emission 
(Hakura and Goh, 1959; Anderson and Enemark, 1960; Thompson and 
Maxwell, 1960a and 1960b; Besprozvannaya and Driatskii, 1960). Accord- 
ing to data obtained during the last solar activity maximum, black- 
outs preceding magnetic storms were not observed if the magnetic 
disturbances were weak (4H»o < 100 y) and did not follow type IV 
events; among the stronger magnetic storms (Ho > 100 y) only a fifth 
followed polar blackouts. The position changes sharply for magnetic 
storms connected with type IV radio emission: in this case more than half 
the weak storms and about 85% of the strong magnetic storms follow 
the polar blackouts (Hakura and Goh, 1959). 

A comparison of the results of radio observations at a number of fixed 
frequencies in the 9400-1000 Mc/s range and of spectral observations in 
the 600-40 Mc/s range with data on the absorption of cosmic radio emis- 
sion in the polar regions (unrelated to their connection with geomagnetic 
disturbances) has shown (Kundu and Haddock, 1960) that polar blackouts 
show an even closer correlation with microwave bursts than with type IV 
phenomena. Practically all blackouts follow microwave bursts and the 
majority of blackouts follow type IV phenomena.t 

It follows from what has been said that in the active regions conditions 
obtain in which it becomes possible for charged particles (protons) to be 
accelerated up to energies of the order of 100 MeV. It is very probable 
that as well as the energetic protons—the sources of polar blackouts in the 
regions indicated—electrons are also accelerated to comparable energies, 


t Polar blackouts also accompany other types of radio emission with a broad 
frequency spectrum. For example a polar blackout and the stream of protons with an 
energy of several hundreds of MeV that caused it were recorded after the flare of 22 
August 1958 which was accompanied by a storm continuum (section 16). In this case 
the variation in the flux of the energetic particles in the vicinity of the Earth to a certain 
extent repeated the intensity curve of the radio emission at metric wavelengths (partic- 
ularly at A = 7-5 m; see Fig. 72) (Boishot and Warwick, 1959). 
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although a feature of the energetic particles approaching the Earth is the 
absence of any noticeable quantity of fast electrons among them. Possible 
causes for this are indicated in section 30. 

We notice that in exceptional cases when a chromospheric flare and 
the phenomena connected with it reach enormous intensity particles are 
generated in the flare region with an even higher energy (2-10 GeV). About 
an hour after the flare these particles (cosmic rays of solar origin) reach 
the vicinity of the Earth, raising the level of the corpuscular radiationrecord- 
ed at the Earth’s surface by tens and hundreds of percent. Outside the 
Earth’s atmosphere the spectrum of the solar particles (protons) in the 
& ~ 2-10 GeV apparently differs strongly for different flares and drops 
sharply as & rises approximately in accordance with (17.7) with a y of a 
few units (according to Dorman (1957) y ~ 4-7). The more usual phenom- 
ena, although they are more difficult to observe are the small effects of 
solar flares in cosmic rays which raise the level of the cosmic rays on 
Earth by only a few tenths of a percent. These effects can be seen better 
at a period of minimum solar activity after large flares. The rises in the 
intensity of the cosmic rays show a correlation with type IV bursts. Here 
in the region of the flare or in the region where the type IV radio emission 
is generated particles are also accelerated to energies of several GeV but, 
of course, there are far fewer of them (Dorman, 1957; Dorman and Kolo- 
meyets, 1961; Kolomeyets, 1961). 

It follows from the picture of the development of polar blackouts given 
above that in certain cases energetic charged particles reach the vicinity 
of the Earth long before the start of a magnetic storm; being deflected 
towards the poles by the geomagnetic field they penetrate into the lower 
ionosphere where they carry out additional ionization of the latter.t 
In other cases the arrival of energetic protons heralding the start of a polar 
blackout occurs only in the company of a solar stream that is the source 
of magnetic storms with a sudden beginning. 

The possibility of the appearance of a polar blackout before the start 
of a magnetic storm and independently of it is apparently determined by the 
geometry of the magnetic fields in the solar envelope and in interplanetary 
space. Under favourable conditions the charged particles accelerated on 
the Sun approach the Earth and cause the blackout an hour or more after 
the chromospheric flare.t When the particles move on a radial trajectory 
this lag corresponds to a velocity of V S$ 0'15c. At the same time the 


t For the nature of the motion of energetic particles in the Earth’s magnetic field 
during a polar blackout see Sakurai (1961). 

t The minimum lag of a blackout after type IV radio emission is about 40 min 
(Thompson and Maxwell, 1960a and 1960b). 
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velocities of the protons with 2 ~ 30-300 MeV that are responsible for 
the rise in the absorption in the polar regions lie in the range between 
0:25 and 0-65 c, i.e. on the average they are several times greater than the 
values found from the time lag of the blackouts relative to optical or 
radio events on the Sun. This discrepancy is connected with the finite 
time taken by the energetic particles to leave the magnetic “trap” in the 
solar corona where they were accelerated, and with the complex trajectory 
of these particles in interplanetary space whose nature is determined by the 
configuration of the magnetic fields in existence there. 

Since as the energy of the charged particles increases they leave the 
confines of the magnetic “trap” more efficiently and their velocity away 
from the Sun rises accordingly, it is to be expected that the lag of the polar 
blackouts after events on the Sun will be less than for the blackouts which 
are caused by more energetic protons. This dependence has not yet been 
investigated, unfortunately. In its favour, however, there is the close con- 
nection between the lag of the blackout and the intensity of the preceding 
microwave bursts (Kundu and Haddock, 1960; Kamiya, 1961 and 1962). 
This time does not exceed 5 hours for large bursts (with a radio emission 
flux of (2-5)X 10-2 W m~? c/s} or more), increasing for the weaker 
bursts. All this becomes comprehensible on the natural assumption that 
the intensity of the radio emission increases with a rise in the energy of 
the emitting particles, i.e. electrons, if we remember that apparently the 
conditions under which there is efficient acceleration of protons in the 
region of a chromospheric flare will also be favourable for the acceleration 
of electrons. 

It has already been pointed out above that in certain cases the arrival 
of energetic protons in the vicinity of the Earth and the appearance of a 
polar blackout occur only with the beginning of a magnetic storm. In 
certain cases the depth of a polar blackout preceding a magnetic storm 
increases when the latter starts. These facts indicate the very important 
circumstance that there are also fast particles in the composition of a slow 
geoeffective flux (a plasma bunch with a magnetic field “frozen” into it). 
It must be pointed out that in certain cases the stream bears with it not 
only energetic protons with yi, ~ 10? MeV but also soft cosmic rays of 
solar origin with an energy of the order of 10 GeV (Charakhch’yan, 
Tulinov and Charakhch’yan, 1961; Steljes, Carmichael and McCracken, 
1961; Roederer eż al., 1961). In the latter case the increase in cosmic rays 
lags several tens of hours behind the chromospheric flare. 

It is known, furthermore, that the duration of polar blackouts is 
often several days, i.e. is far greater than the time the geoeffective 
stream is passing near the Earth, not to mention the duration of the chro- 
234 


§ 17] Sporadic Radio Emission 


mospheric flare. It may be assumed that a corpuscular stream with 2 
magnetic field “frozen” into it changes the geometry of the lines of force 
in circumsolar and interplanetary space, “stretching” them from the active 
region on the Sun into the vicinity of the Earth (see Fig. 83a). This permits. 
rapid motion of energetic particles from the Sun to the Earth, along the 
“magnetic tunnel” that is formed, after the geoeffective corpuscular flux 
has left the Earth’s orbit, and is localized within the “tunnel”. 

It is interesting to note that the duration of this phase of the polar 
blackouts is comparable with the life of noise storm sources on the Sun 
(R-centres). This does not apparently occur by chance (Kundu and Hadd- 
ock, 1960). The point is that only a quarter of all polar blackouts occur 
on days free of noise storms; the remaining three quarters come in periods 
when there are active centres on the Sun generating enhanced radio emis- 
sion and type I bursts. Moreover the duration of polar blackouts rises with 
an increase in the duration of the noise storms, starting from the time of 
the appearance of a microwave burst or type [V event connected with the 
beginning of the blackouts; here the absorption effect in the polar regions 
mostly disappears sooner than the noise storm. On the other hand, there 
is no correlation with the time that the noise storm is in existence from its 
start to the appearance of the events on the Sun after which the blackouts 
start. 

The preliminary data given, according to which the time energetic 
protons are present near the Earth is determined to a considerable extent 
by the length of the noise storms after the corresponding flares on the Sun, 
provide a very good basis for the assumption that the regions in which 
the noise storms are generated are a kind of reservoir that holds the ener- 
getic particles in a “trap” formed by the bipolar magnetic field of the sun- 
spots. The energetic particles appear here either because of acceleration. 
in the sunspots’ fields or as a result of the injection of particles from the 
chromospheric flare region. The formation of the “magnetic tunnel” and 
the rapid movement towards the Earth of the energetic particles that 
have left the “trap” above the spots allow a polar blackout to be main- 
tained for a long time. 

The data given above allow no room for doubt that the regions where 
the microwave bursts are generated near chromospheric flares and the 
plasma bunches (geoeffective corpuscular fluxes) ejected from the flares excit- 
ing type II and IV radio emission as they move in the corona contain protons 
with energies of 10-100 MeV, and in certain cases particles with an energy 
of several GeV. It is possible that the regions above the spots where noise 
storms are generated also retain energetic protons. The possibility cannot 
be excluded that in these regions of the corona there are also electrons 
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accelerated to comparable energies, although the latter have not been found 
near the Earth during polar blackouts. In section 30 we shall show that 
the emission of fast electrons in the magnetic fields of sunspots, plasma 
bunches ejected from flares, and the flares themselves may explain the 
observed features of the enhanced radio emission making up noise storms 
and type IV radio emission, and certain properties of microwave bursts 
respectively.t 

Energetic particles can be localized in regions occupied by the streams 
near chromospheric flares and above sunspots provided that the magnetic 
fields there are strong enough and their configuration satisfies the require- 
ments of a magnetic “trap”. Without dwelling in greater detail on the 
‘question of the retention of charged particles, which by the way is very 
important for microwave burst generation mechanisms, noise storm 
generation and type IV radio emission generation, we would point out 
that, since for a number of reasons the magnetic insulation of these 
regions cannot be absolute, one would expect some energetic particles 
to get out of them. We have spoken above about the possibility of polar 
blackouts being maintained for a long time because of particles leaving 
the bipolar fields of sunspots. It is highly probable that it is this effect of 
energetic particles leaving “magnetic traps” that is also the cause of the 
appearance of “precursors” (type III bursts preceding type II bursts) 
and the appearance of fine type III structure in type II bursts. In the first 
case energetic particles, on leaving the region of a chromospheric flare, 
move in the corona at a velocity that is a significant fraction of the velocity 
of light and generate rapidly drifting type III bursts. In the second case 
energetic particles leave a plasma bunch with a quasi-closed magnetic field 
moving at a velocity of ~10? km/sec and excite in the surrounding 
corona rapidly drifting surges of radio emission, giving the characteris- 
‘tic structure discussed in detail in section 13 (see also section 14) in the 
dynamic spectrum. 

In conclusion we should like to make some remarks about the fore- 


t Since type II bursts are, in all probability, caused by streams of particles with a 
velocity of V, ~ 0-5 c (which corresponds to a proton energy of km ~ 100 MeV), 
attempts have also been made (Thompson, 1959; Thompson and Maxwell, 1960a and 
1960b) to find a possible correlation between these bursts (without a type II-IV 
phenomenon) on the one hand and polar blackouts and a rise in cosmic ray intensity 
‘on the other. To date, however, these attempts have proved unsuccessful; this is not 
surprising since the blackout statistics are clearly inadequate, and the level of the cosmic 
rays at the Earth’s surface is not connected with particles having energies of the order 
of 100 MeV, since the latter are unable to pass right through the Earth’s atmosphere. 
‘Therefore observations must be made in the polar regions at great altitudes to establish 
the connection between the streams of energetic particles and type III bursts, using 
sounding balloons and artificial Earth satellites to do this. 
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casting of geophysical phenomena from observations of solar sporadic 
radio emission. 

Firstly, it becomes clear from what has been said that it is impossible 
to forecast individual phenomena on Earth connected with a rise in the 
absorption in the D-layer and caused by the action of X-radiation, since 
these phenomena appear almost simultaneously with the recording of the 
corresponding events on the Sun (chromospheric flares, microwave 
bursts). Therefore we can only make probability statements about the 
expected frequency and intensity of these phenomena, judging from the 
extent of the flare activity, the frequency of appearance and intensity of 
microwave bursts. There are no particular advantages either in comparing 
the critical frequencies of the E-layer with the level of the slowly varying 
component (when compared with the area of the plages), or in comparing 
the 11-year variations in the state of the ionosphere and the Earth’s 
magnetic field with the radio indices of solar activity, and not with the 
Wolf numbers, sunspot area, etc. (Artem’yeva, Benediktov and Get- 
mantsev, 1961). 

There is more future in forecasting phenomena like magnetic and 
ionospheric storms, aurorae and blackouts which are caused by streams 
of particles, closely connected in their turn with such events on the Sun 
as generation of type IV radio emission and microwave bursts. In this 
case the correlation with radio emission is undoubtedly closer than with 
optical phenomena of the chromospheric flare type. The lag (not less than 
an hour for polar blackouts or tens of hours for the rest of the geophysical 
phenomena) is also sufficient in many cases for timely forecasting. Certain 
possibilities for forecasting magnetic storms with a gradual beginning and 
the ionospheric disturbances accompanying them are opened up by cor- 
relation of the latter with R-centres (radio-emitting groups of spots). 


GENERAL PICTURE OF THE SUN’S SPORADIC RADIO EMISSION 


In the earlier sections of this chapter we have discussed in detail the 
features of the different components of the sporadic solar radio emission 
and their connections with a number of phenomena on the Sun and the 
Earth. However, because of the complexity and wealth of experimental 
data it is difficult to get any general idea about the Sun’s sporadic radio 
emission, its quantitative characteristics and the sequence of development 
of the individual components. In this respect the reader will be helped by 
the present section which briefly recapitulates the content of Chapter IV. 

The dynamic spectra of the basic components of sporadic radio emission 
arising when a centre of activity appears on the Sun are shown diagrammat- 
ically in Fig. 85 (Wild, 1962, 1960b). The data on these components and 
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the characteristics of the “quiet” Sun’s radio emission are summarized 
in Table 4, which differs comparatively little from the summary of basic 
solar radiation characteristics given by Denisse (1959a). The relative 
contribution from the individual components of the Sun’s sporadic radio. 
emission can be judged from the data in the last column but one of the 
table, which shows the percentage of time for which each type of solar burst 
can be observed at a frequency of 125 Mc/s (with S, > 107% Wm~? c/s—?) 
at a period of maximum solar activity (Maxwell, Howard and Garmire,, 
1960).t 





i 
i 


j 


arge flare 


Centimetric 





Fic. 85. Idealized dynamic spectrum of sporadic radio emission from a 
centre of activity. 


From observations of the solar radio emission and the phenomena 
accompanying them in the solar and terrestrial atmospheres we can con- 
clude that the sporadic radio emission (in its fullest form) largely develops. 
as follows (see Fig. 85). 

The appearance of a centre of activity—flocculi and groups of spots with 
which local magnetic fields are connected—on the Sun stimulates the for- 
mation in the lower corona of regions of enhanced density which act 
as the source of the slowly varying component of the sporadic radio emis- 
sion. The latter can chiefly be found at wavelengths of 3-30 cm. 

In the higher layers of the corona where the strong magnetic fields of sun- 
spots penetrate, conditions are realized under which it becomes possible 
in the metric band for strongly polarized type I noise storms with a gradual 


+ A catalogue of type II and IV events recorded in 1957—62 is given by Kislyakov, 
Losovskii and Salomonovich (1960); a list of types II, III, IV and V phenomena ob- 
served in the period 1952-60 is given by Boorman et al. (1961). 
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beginning to be generated (enhanced radio emission with a wide frequency 
spectrum and short-lived narrow-band type I bursts lasting less than 1 sec; 
Teg is comparable with the corresponding value for the enhanced radio 
emission). As a result of chromospheric flares near active groups of sun- 
Spots noise storms with a sudden beginning appear and the sources of noise 
storms already in existence are strengthened. The noise storm generation 
gegion apparently contains energetic particles (protons with an energy 
of the order of 100 MeV) which maintain lengthy polar blackouts on 
Earth after strong chromospheric flares. 

Agents (apparently streams of charged particles) leave the weak chro- 
mospheric flares; when they move into the denser layers of the corona at 
a velocity of about half the velocity of light, non-polarized or moderately 
polarized type III bursts are generated. The type III bursts are distinguished 
by a rapid frequency drift towards the low frequencies at a rate of about 
20 Mc/s?. This effect can be explained by the decrease in the electron 
concentration in the region where the radio emission is generated as the 
agent moves in the corona. 

Sometimes a fine structure—reverse-drift pairs (drifting towards the 
high frequencies)—appear in the type III bursts. The change in the sign 
of the drift is probably connected with the fact that the variety of radio 
emission in question appears at the time when the agent meets a local 
inhomogeneity of enhanced density in its path. The reverse-drift bursts are 
often not accompanied by any noticeable type III radio emission. 

The frequency drift towards the low frequencies in type III bursts 
sometimes changes to the opposite in the process of the development of 
the bursts. This is interpreted as the consequence of the special nature of 
the motion of the corpuscular agent in the magnetic field of a bipolar 
group of spots when the stream first goes away from the Sun’s surface and 
then approaches it. In such a case the dynamic spectrum of the type III 
bursts acquires features characteristic of their variety—the so-called U- 
bursts. 

Type III surges accompanied by bursts of radio emission at centimetric 
‘wavelengths precede the appearance of an intense broad-band continuum 
—type V radio emission lasting for several minutes. 

Large flares act firstly as the sources of microwave bursts whose spec- 
trum also spreads at times into the decimetric band, creating radio emission 
that varies smoothly in frequency and in time—the decimetric continuum. 
Sometimes the spectrum of the radio emission is so broad that this con- 
tinuum.can also be observed at metric wavelengths. 

The above-mentioned components connected with the appearance of 
large flares on the Sun’s disk are generated in the lower layers of the corona 
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immediately adjacent to the region of the chromospheric flares. Be- 
sides, at the time of the sudden expansion and ejection of material 
from the flare into the corona rapidly moving agents are injected which 
excite type III bursts. These bursts and the decimetric continuum precede 
the most powerful of all the components of solar radio emission—non- 
polarized type II bursts at metric wavelengths having a slow frequency 
drift ata rate of the order of + Mc/sec?. The type II bursts are caused by 
agents moving in the corona at a velocity of the order of 10° km/sec; these 
agents are probably plasma bundles with magnetic fields “frozen” into 
them ejected into the corona from the flare region. 

Faster particles also make up these plasma bunches as well as relatively 
slow particles; having broken out of the “trap” formed by the magnetic 
field of the plasma bundle, they move in the corona at a velocity of the 
order of 105 km/sec, generating type III bursts which in the present case 
are one of the elements of the fine structure of the type II event. 

After the type II radio emission from the region of a bunch moving in 
the corona there appears a type IV continuum—broad-band structureless 
radio emission of very high intensity lasting from tens of minutes to several 
hours. The basic difference of the type IV radio emission from the 
remaining components of the continuum group is the circumstance that 
they are generated in a region moving in the corona at a distance of up to 
five solar radii. 

On approaching the Earth, the plasma bunches with their “frozen” in 
magnetic field, now called geoeffective corpuscular fluxes, cause magnetic 
and ionospheric storms with a sudden beginning and aurorae. The fast 
particles (chiefly protons with an energy of the order of 100 MeV) leave 
the region of the chromospheric flare and the plasma bunch, even while 
it is moving in the corona, precede the geoeffective flux and appear in the 
vicinity of the Earth an hour or more after the beginning of the events on 
the Sun, which are connected with the chromospheric flare. These fast 
particles are the cause of polar blackouts; the energetic particles that do 
not have time to leave the geoeffective flux earlier are carried along with 
the latter into the vicinity of the Earth and deepen the blackout. 
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CHAPTER V 


Results of Observations of Radio 
Emission of the Planets andthe Moon 





18. First Investigations into the Radio Emission of the Moon, Planets 
and Comets 


First STUDY OF THE MOON AND PLANETS IN THE RADIO-FREQUENCY BAND 


Among the planets of the solar system the methods of radio astronomy 
are being used at present to study Mercury, Venus, Mars, Jupiter and Saturn; 
attempts to find the radio emission of Uranus and Neptune have not yet 
been crowned with success (Goldberg, 1960; Smith and Carr, 1959; 
Smith, H. G., 1959; Brissenden and Erickson, 1962). Among the planetary 
satellites only the nearby Moon creates on Earth a radio emission flux that 
can be measured by present-day receiving equipment. 

The Moon was first studied in the radio-frequency band by Dicke and 
Beringer (1946), who in 1945 measured its effective temperature at a wave- 
length of A = 1:25 cm. The numerous measurements made later have 
made it possible to obtain a more precise value for T.¢,, to elucidate its 
dependence on frequency and the phase of the Moon, to obtain informa- 
tion on the radio brightness distribution over the Moon’s disk, etc. (see 
section 21). 

At the beginning of 1955 Burke and Franklin (1955) unexpectedly found 
at a frequency of 22-2 Mc/s a very interesting radio object which differed 
sharply from previously studied discrete sources of cosmic radio emission. 
The recordings of the emission flux from the new source obtained as it 
passed through the beam of a fixed aerial (a “Mills Cross” with a lobe 
width of about 2-5°) are reproduced in Fig. 86. It is clear from the figure 
that, unlike a typical discrete source—the Crab Nebula (see the recording 
on the right)—the radio emission found is very irregular in nature (it con- 
sists of a series of short bursts very similar to the interference from light- 
ning discharges in the Earth’s atmosphere), and the time of appearance of 
the bursts varies in the course of time, i.e. the source moves in the sky. It 
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followed from this that the new source was located far closer to the 
Earth than discrete sources of galactic and metagalactic origin; it could 
be assumed that it was part of the solar system. 

Burke and Franklin obtained more definite results when they compared 
the coordinates of the new discrete source with the coordinates of Jupiter, 
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Fic. 86. Samples of recordings of the radio emission flux of Jupiter (series 

of bursts on the left) and the Crab Nebula (right) at a wavelength of 2 = 13-5 

as the sources passed through the beam of a fixed aerial (Burke and Franklin, 
1955) 


Uranus and the two galactic objects the nebulae NGC 2420 and NGC 2392 
(at the time of the observations the visible position of these planets and 
nebulae was close to the position of the source of the bursts in the sky). 
This comparison of one coordinate (right ascension) is shown in Fig. 87. 
The periods when the bursts appeared are marked by wavy lines; the points 
show the position of Jupiter during the observations. The position of the 
radio emission source on this graph obviously corresponds to the middle 
of the band bounded by dotted lines. It is easy to see that the spherical 
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coordinates of the new radio object agree (for the given observational 
accuracy) with the coordinates of Jupiter. The source found repeats the 
planet’s motion through the sky and can therefore be definitely identified 
with the planet Jupiter. 

A study made very soon afterwards by Shain (1955, 1956) of old record- 
ings of cosmic radio emission at a frequency of 18-3 Mc/s showed that as 
early as 1950-1 radio astronomers had been picking up Jupiter’s emission 
but had not attached any particular significance to it, assuming that the 








January February March 
1955 


Fic. 87. Comparison of coordinates of the new radio object with the coordi- 
ates f Jupiter, Uranu and two galactic nebulae: NGC 2420 and NGC 2392 
(from right ascension) (Burke and Franklin, 1955) 


series of bursts from the new source were caused only by random atmos- 
pheric interference. 

After Burke and Franklin’s work the radio emission of the planets was 
intensively studied. Mayer, McCullogh and Sloanaker (1958a, 1958b and 
1958c) in 1956 measured the radio emission flux of Venus, Mars and Jupi- 
ter at centimetric wavelengths; radio emission from Saturn has been 
measured in this same band (Drake and Ewen, 1958). In recent years the 
band studied has been considerably expanded both towards the milli- 
metric and decimetric wavelengths. A negative result was obtained at first 
in the radio observations of Mercury (Goldberg, 1960; H. J. Smith, 1959). 
Then Howard, Barret and Haddock (1961, 1962) in 1960-1 found the radio 
emission of this planet and measured its effective temperature in the 3- 
centimetre band. 

The features of the planetary radio emission are discussed in detail in 

t Further details of the history of the discovery of Jupiter’s radio emission are given 
by Haddock (1958) and Franklin (1959). 
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sections 19 and 20. Here we shall content ourselves with saying that 
attempts continue to be made to find radio bursts from other members of 
the solar system as well as the sporadic radio emission of the Sun and 
Jupiter. It is highly improbable, of course, that sporadic radio emission is 
generated by objects which have hardly any gaseous shell (Mercury, 
asteroids and the greater part of planetary satellites, including the Moon). 
Pluto is also an unsuitable object in this respect because of its distance 
away from the Sun, its small size and its low temperature. No sporadic 
emission has been found coming from Neptune, Uranus or Mars; if it does 
exist, then its flux on Earth is definitely much less than the magnitude 
characteristic of the decametric radio emission of Jupiter (Smith and Carr, 
1959; Smith, H. J., 1959; Brissenden and Erickson, 1962). Three possibili- 
ties therefore remain for the source of the sporadic radio emission: Venus, 
Saturn and comets. 

In 1956 Kraus (1956a, 1956b, 1957a and 1957b) reported reception of 
sporadic radio emission from Venus at decametric wavelengths. According 
to the information he obtained the surges of radio emission of short dura- 
tion from Venus are similar to the sporadic bursts coming from Jupiter; the 
maximum emission flux from Venus at A = 11 m reaches 10-21 Wm~2c/s~4, 
which is several times greater than the corresponding value for the discrete 
source Cygnus-A at the same wavelength. 

Kraus’s results are not confirmed, however, by other researchers. 
Burke and Erickson (Burke, 1960) in 1956 found no traces of radio emis- 
sion from Venus at 4 = 11 and 13-6 m with an accuracy of up to 
10-23 W m-?c/s~}. Smith and Carr (1959) and H. J. Smith (1959) carried 
out studies of Venus at a wavelength of 11 m for several months in 1958 
without observing a single event which could be attributed to sporadic 
radio emission of this planet. (The sensitivity of their apparatus was quite 
sufficient to record radio emission at the intensity indicated in Kraus, 
(1956a).} In the next 2 years observations were continued at wavelengths 
of 11 and 16-5 m (Carr et al., 1961); they too were unsuccessful as were 
observations of Brissenden and Erickson (1962). 

It must be stressed that when studying the decametric radio emission of 
the planets, errors are very probable, due to the similarity between the 
planetary sporadic radio emission, terrestrial atmospherics and bursts 
of solar origin. According to Roberts (1958) the bursts described by Kraus 
are similar to those reverse-drift pairs observed at the same time at fre- 
quencies of 40-50 Mc/s (section 16). The latter are known to have been 
connected with the Sun since the source of the bursts was located on a line 
passing through the solar disk; the distance from Venus to this line was 
quite large (several degrees). 
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Further observations and an analysis of the results obtained forced 
Kraus (1960) to recognize that some of the bursts he found were definitely 
not connected with Venus and were interference of terrestrial origin. As 
for the rest of the bursts he reported that the available data were insufficient 
to conclude that they were generated in the region of Venus, although this 
possibility cannot be completely denied. As a whole the question of the 
existence of sporadic radio emission from Venus still remains open. 

In 1957 Smith and Douglas (1957, 1959), Smith (1959) observed at a 
frequency of 21-1 Mc/s about ten events which were possibly connected 
with the planet Saturn. The times the activity appeared (with one exception) 
agree closely with the period of 10" 22", which is close to Saturn’s period 
of rotation (10°14™). Only two events which can be attributed to this planet 
were recorded in several months of the next year at f = 22-2 and 23 Mc/s. 
In all cases definite identification proved to be impossible since the inter- 
ference picture in the radio emission recordings made by interferometers 
was very weak and the level of terrestrial disturbances was high. 

Another group of radio astronomers (Smith and Carr, 1959) observed 
Saturn in 1957 at 18 Mc/s and in the next year at 18 and 22-2 Mc/s. The 
perturbations that presumably proceeded from Saturn were obtained dur- 
ing six out of the fifty-four nights favourable for observations at 18 Mc/s 
and for six out of thirty-three nights at 22:2 Mc/s. The activity state gener- 
ally lasted for 1 to 5 minutes with a maximum radio emission flux of up to 
6X 107-22 W m=? c/s}. 

Unfortunately it proved impossible to compare the recordings obtained 
by the two groups: in the periods when one of the groups was recording 
the radio emission of Saturn, the apparatus of the other group was not 
operating. 

In 1960 during observations at 18 Mc/s Carr et al. (1961) noted seven 
very weak and for the most part brief events; not one of them, however, 
can definitely be said to have been caused by Saturn. All we can say 
is that all the events occurred at one and the same position of the 
planet, if we assume that the period of rotation of the radio emission 
source on Saturn is 11"57-8™. The latter value differs considerably from 
the rotational period of the planet’s cloud layer determined by optical 
observations. 

Therefore the available data cannot be used as a basis for definitely 
judging the existence of noticeable sporadic radio emission from Saturn, 
although it is quite possible that such emission does occur. 
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RADIO EMISSION OF COMETS 


Among the comets to have been studied by radio astronomy methods 
are Comet Arend-Roland (1956h) in the period of its closest approach to 
the Sun (April 1957), Burnham’s Comet (1959k) and Wilson’s Comet 
(1961d). 

From observations at a wavelength of 2 = 11 m Kraus (1958a) conclud- 
ed that Comet Arend-Roland generates radio emission whose intensity 
is subject to strong oscillations. On the average the radio emission flux on 
Earth was about 5x 10-22 W m~? c/s~1. However, Shain and Slee’s meas- 
urements (Shain and Slee, 1957), which were made at the same time at 
wavelengths of 15 and 3-5 m with a far better aerial, did not confirm 
Kraus’s data. The receiver sensitivity at A = 15 m proved to be insufficient 
when scanning the aerial through the region occupied by the comet (its 
core and tail). It followed from this that the comet’s radio emission flux 
was therefore at least 25-50 times less than the value indicated by Kraus 
(1958a). No absorption of cosmic radio emission as it passed through the 
comet was observed either. At A = 3:5 m the upper limit of the radio 
emission flux from the core was about 10-25 W m~? c/s~1. A number of 
recordings was made during observations with an aerial having a “knife- 
edge” beam in order to find any possible emission from the comet’s tail. 
No radio emission was found in this case either above the sensitivity 
threshold of the apparatus (10-24 W m~? c/s~4). A negative result (with 
an accuracy up to values of the same order) was obtained by Whitfield and 
Högbom (1957, 1959) (see also Seeger, Westerhout and Conway, 1957) in 
interferometer observations of the core of Comet Arend-Roland at A = 3-7 
and 7-9 m. The emission from the extended tail at these wavelengths was 
definitely less than 5X 10-23 W m~? c/s—}. 

At the same time two groups of observers have reported (Coutrez, 
Hunaerts and Koeckelenbergh, 1958; Miiller, Priester and Fischer, 1957) 
picking up radio emission: from Comet Arend-Roland at shorter wave- 
lengths (50 and 21 cm). The emission flux at 4 = 50 cm was (3-8)X 
10-23 W m~2c/s—!, the radio emission originated from the head of the comet 
or from a certain “halo” slightly ahead of the comet as it moved towards 
the Sun. 

The existence of this “halo” was confirmed by visual observations. At a 
wavelength of 21 cm the emission of the comet was in the nature of bursts 
with a life of 20—60 sec. 

It is difficult now to judge the reliability of these results. All we shall say 
is that the attempts to find the radio emission of another comet (Burn- 
ham’s) at wavelengths of 20-125 cm made at Jodrell Bank using the 250- 
foot radio telescope were unsuccessful (Conway, Chuter and Wild, 1961). 
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As a result the upper limit for the radio emission flux was estimated at 
(1-3) 10-26 W m~? c/s71. No effect was found in the 2 = 21 cm neutral 
hydrogen line. Observations of Wilson’s Comet at a frequency of 
26-3 Mc/s also produced a negative result (Erickson and Brissenden, 
1962). Therefore the existence of any noticeable radio emission from 
comets still remains unproved.t 


19. Sporadic Radio Emission of Jupiter 


RADIO EMISSION FLUX AND ITS TIME DEPENDENCE 

In the decametric band Jupiter’s radio emission is sporadic in nature and 
consists of a series of bursts appearing from time to time. As can be seen 
from Fig. 88 (see also Fig. 86) the recording of Jupiter’s radio emission 
flux is similar to corresponding recordings of solar radio emission at metric 
wavelengths or of radio interference of atmospheric origin. 


| | l | < | sec n r 


5 hrs -4 hrs 3 hrs 

















Fic. 88. Recordings of Jupiter’s radio emission flux made with high-speed 
(a) and low-speed (b) recording devices during reception at a frequency of 
18 Mc/s (A = 16-7 m) (Carr et al., 1958). 

The intensity of Jupiter’s sporadic radio emission is quite considerable. 
For example, at a frequency of 18 Mc/s the radio emission flux for typical 
bursts is of the order of 1072 W m~? c/s~1 (Shain, 1956, Carr et al., 1958), 
and at a frequency of 22-2 Mc/s is comparable with the flux of the radio 
emission from the Crab Nebula (5x 10723 W m`? c/s~}) or is a few times 
greater (Burke and Franklin, 1955). Radio observations of Jupiter at a 
frequency of 26:6 Mc/s show that the intensity of the bursts may be higher 
than the level of the radio emission from the discrete source Cassiopeia-A 
(Kraus, 1956c). 


t The radio emission of comets has been discussed from the theoretical standpoint 
by Poloskov (1953), Khanin and Yudin (1955) and Dobrovol’skii (1961). 
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According to the data of Gardner and Shain (1958), Barrow and Carr 
(1958) Jupiter’s radio emission flux in the 18-20 Mc/s range sometimes 
reaches values of about 10-2 W m~? c/s~4, which corresponds to a radio 
emission source power of 5X105 W c/s~1. This maximum flux value is of 
the same order as for outbursts connected with chromospheric flares and 
is more than a hundred times higher than the level of emission from the 
“brightest” discrete sources at these frequencies. Therefore in the deca- 
metric band Jupiter is the next most intense source of radio emission after 
the active Sun. 

According to Kraus (1956c and 1958b), Gallet and Bowles (1956), and 
Gallet (1961) the “life” of individual Jovian bursts is a few hundredths or 
thousandths of a second. As well as these short impulses longer surges 
with a duration of a few seconds are observed. It is shown by Carr et al. 
(1958) that the duration of the bursts of radio emission varies from a value 
less than 0:1 sec up to 1 sec; sometimes, however, even longer surges with 
a life of 10-15 sec are recorded. Bursts of this kind, following one after the 
other and superimposed on each other can keep Jupiter’s radio emission 
level high for several minutes. 

In a case when Jupiter’s activity is not very great it can be clearly seen 
on a recording of the radio emission flux that the bursts sometimes appear 
in doublets and triplets with intervals between the individual bursts of 
between a quarter and one second. It is noted by Kraus (1956c, 1958b) that 
the second burst is weaker than the first and the third weaker than the 
second, the life of each successive burst being longer than the preceding 
one. This tendency was not found, however, by Carr et al. (1958) in high- 
speed recordings of Jupiter’s radio emission: the relative intensity of the 
individual components of the doublets and triplets, generally speaking, is 
close to unity, a weak burst often preceding the appearance of a stronger 
burst. This is illustrated by the recordings of Jovian bursts given in Fig. 88. 

Later observations of Jupiter for the most part do not confirm the 
existence of very short bursts (with a duration of a few milliseconds).t 
Gardner and Shain (1958) generally deny the presence in Jupiter’s sporadic 
radio emission of noticeable bursts with a life of much less than a second, 
indicating that the characteristic intensity rise time in individual bursts 
does not drop below 0-2 sec. The shorter surges noted on the recordings 
were due to atmospheric interference of the nature of lightning, since their 
envelope (unlike the envelope of the lengthy bursts) displayed no alternat- 
ing maxima and minima characterictic of interferometer reception of 
the radio emission of point sources. These data are confirmed by the ob- 


+ The work of a Florida group of astronomers (see Carr, 1959) is apparently an 
exception in this respect. 
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Fic. 89. Case of poor correlation between simultaneous recordings of the in- 
tensity of Jupiter’s radio emission at a frequency of 18 Mc/s at two points 
separated by a distance of 7000 km (Smith et al., 1960) 


servations of Smith, Lasker and Douglas (1960), according to which the 
duration of the bursts averages out at 0-7 sec; no short-lived bursts (of a 
few microseconds) were found in Jupiter’s radio emission in this case 
either. 

It follows from what has been said that at present the question of the 
duration of Jupiter’s bursts of radio emission, which is of very great 
importance in the theory of their origin, has clearly been insufficiently 
studied. It will become clear from the contents of section 32 that milli- 
second bursts, whose existence has been called in doubt by many observers, 
are of particular importance in this respect.t 

When solving the question of the life of Jovian bursts it is necessary to 
be sure to separate Jupiter’s radio emission from interference of terrestrial 
origin and solar bursts; in addition our ionosphere has a considerable 

t Smith, Carr, Mock, Six and Bollhagen (1963) have once again reported the 


presence of short bursts in the Jovian radio emission: according to their data there 
are three types of bursts with mean durations of 8 msec, 0-4 sec and 8 sec. 
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effect on the characteristics of the decametric radio emission received on 
Earth. 

A comparison of recordings of Jupiter’s radio emission obtained si- 
multaneously on receivers separated by several tens (Gardner and Shain, 
1958) and several thousands (Carr et al., 1960; Smith et al., 1960) of kilo- 
metres points to a considerable difference in the variations in intensity at 
the reception points. Some groups of bursts obtained on one recording 
are absent at the other; time shifts can be observed between the times of 
the appearance of the corresponding bursts; the detailed structure of the 
groups of bursts is often very different (Fig. 89a). A detailed study of the 
simultaneous recordings showed that the strongest differences may be ex- 
plained by fading or oscillations in intensity at the two stations occurring 
at different times. The characteristic period of these oscillations is of the 
order of 30-40 sec (Fig. 89b). 

We pointed out in section 7 that fluctuations in the radio emission of 
discrete sources with a characteristic time of between 2 min and 8 sec or 
less are caused by the effect of the Earth’s atmosphere, i.e. by scattering 
of the radio emission passing through on moving electron inhomogeneities. 
This effect (whose influence increases with the wavelength) can, in all prob- 
ability, be used to explain the breakdown in correlation on the recordings 
of Jupiter’s radio emission at points some distance apart. 

What has been said obliges us to be cautious when drawing conclusions 
on the actual oscillations of Jupiter’s radio emission from the results of 
terrestrial observations, although the periods of good correlation noted by 
Smith and Douglas (1959), Smith et al. (1960), provide a basis for assuming 
that the fine structure of the radio emission received with a characteristic 
time of the order of a second is to a considerable extent a feature of Jupi- 
ter’s radio emission and does not entirely owe its origin to the Earth’s 
ionosphere.t However, the second fluctuations of Jupiter’s radio emission 
were later shown (Slee and Higgins, 1966; Douglas and Smith, 1967) to 
be due to the effect of scattering by the inhomogeneities of the inter- 
planetary medium. 


FREQUENCY SPECTRUM 


Simultaneous observations (Warwick, 1963a; Smith and Carr, 1959; 
Gallet and Bowles, 1956; Franklin and Burke, 1956 and 1958) of Jupiter 
at several frequencies 2-4 Mc/s apart showed that there is only a general 


t We note that in this respect studies of Jupiter’s decametric radio emission by arti- 
ficial satellites and space vehicles may be of great help. The latter would make it possible 
to eliminate the distorting action of the ionosphere and attenuate interference of terres- 
trial origin. Rockets and satellites would also be useful in finding the sporadic radio 
emission of Venus and Saturn. 
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correspondence of the planet’s activity at these frequencies, whilst there is 
generally no detailed correlation between the appearances of individual 
bursts. However, at the closer frequencies of 22:2 and 23 Mc/s about 80% 
of the bursts appear simultaneously (Smith and Douglas, 1959). It follows 
from this that the width of the frequency spectrum of an individual burst 
is between 1 and 2 Mc/s, the frequency corresponding to the spectral in- 
tensity maximum staying essentially the same during the life of the burst. 
In general these results agree with the observational results (Smith, Lasker 
and Douglas, 1960) from a multi-channel receiver (operating in the band 
around 22 Mc/s), from which it follows that the mean width of the fre- 
quency spectrum of an individual burst is about 2 Mc/s at the half-intensity 
level; according to other information, however, it does not exceed 0:5 
Mc/s (Carr, 1959; Carr et al.,1960). 

The spectral characteristics of the individual bursts have also been 
studied with a radio spectrograph whose panoramic scan rate was up to 
60 times per second; a ciné camera recorded the frequency spectrum of the 
radio emission received from the oscillograph screen twice per second (Carr 
et al., 1961). Sequences of spectrograms for two bursts of radio emission 
obtained in this way are shown in Fig. 90. The width of the frequency 
spectrum of the bursts measured at half-intensity level is about 0-4 (Fig. 
90a) and 0:2 Mc/s (Fig. 90b). These values are typical of the bursts ob- 
served in 1960, although many surges recorded in the following year had a 
broader frequency spectrum (of the order of 1 Mc/s). Despite the fact that 
the interval occupied by an individual burst shows no significant displace- 
ment along the frequency scale, changes are often observed in the detailed 
stucture of the spectrum during the burst’s existence (see Fig. 90b). 
A kind of multiplet feature can even be seen amongst them. 

Warwick’s observations (Warwick, 1961, 1961-2 and 1963a) ona radio 
spectrograph for 15-34 Mc/s (later from 8 to 40 Mc/s) made it possible 
to find an interesting feature of Jupiter’s sporadic radio emission. 
Jupiter’s high-activity state, which sometimes lasts for an hour or 
more (noise storm), often appears over a broad range of frequencies (over 
5 Mc/s). Often this interval occupied by narrow-band bursts moves slowly 
over the frequency scale at a rate of up to Mc/s per minute (generally 
about 0-5 Mc/s per minute). The drift is both towards the low and the 
high frequencies. It turned out that its direction is closely connected with 
the longitude of Jupiter’s central meridian during the observations (see 
Fig. 92). 

The presence of drift has also been noted in observations using multi- 
channel equipment (Carr et al., 1961, 1960; Smith, Lasker and Douglas, 
1960). According to Carr et al. (1961) the drift rate varies within broad 
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Fic. 91. Examples of dynamic spectra of Jupiter’s sporadic radio emission. 
The alternating light and dark bands are due to the use of an interferometer 
as a receiving aerial (Warwick, 1963a) 
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limits, generally being several Mc/s per minute. Drift towards the low 
frequencies occurs more often than drift in the opposite direction. In certain 
cases the direction of the drift is reversed during a single burst storm.t It is 
highly significant that on one occasion the drift towards the low frequen- 
cies (at about the same rate) was recorded simultaneously on a radio 
spectrograph (Warwick, 1961 and 1961-2) and a multi-channel receiver 
(Smith, Lasker and Douglas, 1960) at points several thousands of kilo- 
metres apart. The latter makes it certain that the observed effect was 
extraterrestrial in origin. 

This feature of Jupiter’s radio emission can be seen clearly in Fig. 91 
which shows dynamic spectra obtained by Warwick. Here the burst storms 
occupy regions on the “frequency-time” diagrams in which we can see 
alternating light and dark bands of the interference type. Their appearance 
is because the aerial system of the radio spectrograph was an interferometer 
(see section 5); this made it possible to identify the radio emission being 
received with greater certainty. In Fig. 91a, c the frequency spectrum of 
the burst storm shifts in the course of time towards the high frequencies 
and in Fig. 91b towards the low ones. 

The dependence of the direction of the frequency drift on the longitude 
of Jupiter’s central meridian is clearly seen in Fig. 92 which shows a chart 
of radio emission frequency plotted against longitude of the central 
meridian in system III during the observations,} plotted by Warwick on 
the basis of dynamic spectra. In the figure the degree of darkening charac- 
terizes the number of recordings of radio emission at the given frequency 
and longitude. Drift towards the high frequencies occurs in the range of 
longitudes between 75° and 140°; drift towards the low frequencies occurs 
in the 185-280° region; there is no significant drift in the 140-185° transi- 
tion region. It is significant that the negative drift (towards the low fre- 
quencies) is connected with a region where the main local source of the bursts 
is located (with its centre at a longitude of about 178°; see below), or follows 
after it, whilst positive drift is characteristic of a weaker source (longitude 
76°). Warwick (1963b) shows that a dynamic spectrum of the type 
shown in Fig. 92 is a stable characteristic of Jupiter’s decametric radio 
emission which lasts for a long time. Despite the fact that the dynamic 
spectra of Jupiter’s individual periods of activity may differ strongly from 
that shown in Fig. 92, a well-developed burst storm usually has a spectrum 
of just this type. 

A careful study of the dynamic spectrum in Fig. 91c reveals yet another 


+ It must be stressed that the individual bursts making up the noise storm show none 
of the frequency drift characteristic of the phenomenon as a whole. 
t Here the period of rotation of system III is taken as 9? 55™ 29-5", 
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feature of the bursts of radio emission. To the left of the broad, easily 
distinguished “corrugated” band characterizing the dynamic spectrum 
of the burst storm that started at low frequencies at about 1°10" and 
finished at high frequencies at 1°40" we can see a further band at fre- 
quencies of about 30 Mc/s in the period near 1510™. Moreover, in the same 
frequency interval at about 0°50™ in Fig. 91c the presence of a third band 
can be guessed at. If the latter two bands are extended parallel to the first 
it turns out that their frequencies for the same point in time are approxi- 
mately in a harmonic ratio to the frequency of the first band of 3:2: 1. 
We should note that the second band is not an exceptional event at the 
time of burst storms: out of the ten phenomena analysed by Warwick 
(1961 and 1961-2) this effect was found in three cases and possibly in a 
further case. 

On the other hand, simultaneous observations (Carr et al., 1960) at 
frequencies of 10 and 20 Mc/s point to the absence of any correlation be- 
tween bursts at frequencies in the ratio of 1:2. This can be made to fit 
in with what has been said above if we assume that the “harmonics”t 
of Jupiter’s bursts of radio emission are not in such a simple ratio to the 
“fundamental harmonic” or that bursts at frequencies of wœ and 2m do not 
appear simultaneously (i.e. the harmonic bands appear only for the burst 
storm as a whole). It is also possible that the bands in the dynamic spectra 
are not genetically connected and are, for example, radio emission gener- 
ated in different layers of Jupiter’s ionosphere. 

The following should be noted in regard to Jupiter’s degree of activity 
at different frequencies. Simultaneous observations at a number of 
fixed frequencies in the 10-27 Mc/s range indicate that the intensity, dura- 
tion and “frequency of appearance” of the sporadic radio emission are 
maximum at frequencies of around 18 Mc/s and drop by several factors 
as we move towards the ends of this range (Smith, 1963; Smith and Doug- 
las, 1959; Gardner and Shain, 1958; Carr, 1959; Franklin and Burke, 
1958; Gardner, 1957). The extent to which the activity decreases as one 
moves away from the optimum frequency does not apparently remain 
constant, varying from year to year. 

Investigations into Jupiter’s radio emission at frequencies below 10 Mc/s 
are considerably prevented by the rise in the level of interference and the 
screening effect of the ionosphere. Recently, however, some data have 
been obtained on Jovian bursts at f = 4-8 Mc/s (see Ellis, 1962; Ellis 
and McCulloch, 1963); the maximum intensity here reached 2 10~2° 


t By the use of inverted commas we wish to stress the conventional nature of this 
term as applied to Jupiter’s radio emission. 
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W m“c/s~}, although the mean level of the radio emission in the periods 
of the planet’s activity was two orders lower. 

Bursts are found very rarely at frequencies over 27 Mc/s, although there 
are data (Warwick, 1963a; 1961 and 1961-2) on observations of Jupiter’s 
activity right up to 37 Mc/s (see Figs. 91, 92). Some results from recording 
Jupiter’s sporadic radio emission in the 30-40 Mc/s range are given in 
(Kraus, 1958b). The bursts at these frequencies, however, are weak and 
small in number; they have not been found at all at higher frequencies 
(in this connection see Burke and Franklin, 1955; F. G. Smith, 1955). 


POLARIZATION 


In 1956 Franklin and Burke (Franklin and Burke, 1956 and 1958) estab- 
lished that Jupiter’s radio emission is polarized. In certain cases the degree 
of polarization is close to 100%; the sense of rotation is usually right- 
handed. Only right-hand polarization has been found in the radio emission 
from the main local source; mixed polarization, and likewise left-hand 
polarization, have been recorded in two cases when receiving radio emis- 
sion from one of the weak sources. 

Further observations have confirmed that the radio emission is circularly 
or elliptically polarized, this polarization being always or almost always 
right-handed (in 94% or more of the cases; see Carr et al., 1961). Accord- 
ing to Carr et al., (1961) the ratio of the axes of the ellipse for sharply 
defined bursts varies noticeably within the course of a few hours, displays 
very considerable scatter and lies between 1 (circular polarization) and a 
value close to 0 (almost linear polarization). The mean ratio of the axes 
(judging from several hundred analysed bursts observed in 1960) is 0-34. 
An attempt in these experiments to establish a dependence between the 
ratio of the axes of the polarization ellipse and the longitude of the central 
meridian (in particular the difference between the values of this ratio 
for three local sources of Jupiter’s radio emission) led to no definite 
results. 

The polarization observations discussed above were made only at 
frequencies close to 20 Mc/s. Sherrill and Castles (1963) have reported 
on the results of studying the polarization of Jupiter’s sporadic radio 
emission in the 15-24 Mc/s range, making it possible to establish the 
frequency dependence of the polarization and its features for different 
local sources. It turned out firstly that at frequencies below 20 Mc/s the 
polarization characteristics of the bursts become more complex: there is a 
noticeable rise in the probability of appearance of left-handed polarization 
and also of chaotic or mixed polarization in all three local sources. The 
latter, however, differ in the ellipticity of their emission: the mean ratio 
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of the axes of the ellipse for the main local source is 0-83; this ratio is 
less (about 0-5) for the two weaker sources. 

We notice that the polarization investigations (Smith and Carr, 1959; 
Franklin and Burke, 1956 and 1958) were carried out at stations located 
in the northern hemisphere; one observation (Gardner and Shain, 1958) 
(at a different time) has been made in the southern hemisphere. Lastly, 
a series of simultaneous polarization measurements has been made at 
points with geomagnetic latitudes of +41° and — 22° (located on opposite 
sides of the geomagnetic equator) (Carr et al., 1960, 1961; Smith et al., 
1960; Douglas, 1960). The fact that the sign of the rotation in these 
experiments was the same, despite the opposite direction of the Earth’s 
magnetic field component along the line of sight, allows us to say that the 
polarization observed does not owe its origin to the Earth’s ionosphere 
and is a characteristic feature of Jupiter’s sporadic radio emission.t The 
presence of such a feature is decisive proof of the existence of a Jovian 
magnetic field, whose discovery can rightly be looked upon as an out- 
standing success of planetary radio astronomy. 


LocaL SOURCES OF SPORADIC RADIO EMISSION, THEIR PERIOD OF ROTATION 
AND POSITION ON JUPITER’S DISK 


A study by Shain (1955, 1956) of old recordings of cosmic radio emission 
of 1950-1 (f = 18-3 Mc/s), in which bursts of radio emission from Jupiter 
were recorded, made it possible to find a close connection between the 
appearance of activity in the radio band and the planet’s period of rotation, 
indicating in particular the localization of the sources of the bursts on 
Jupiter’s disk. 

Jupiter’s radio emission in the form of groups of bursts was recorded 
almost every day for 1 or 2 hours, whilst the aerial array of the radio 
telescope made it possible to receive this planet’s emission for almost the 
whole of Jupiter’s period of rotation.t It follows from this that the angle 
@ by which Jupiter turns in the period of intense emission is 35—70°. 

A comparison of the time of appearance of the sporadic radio emission 
with the longitude of the central meridian in system I showed no definite 
periodicity; this periodicity, however, became clearly noticeable when we 
changed to system II (Fig. 93a). The figure shows that the position of the 
source of bursts on the planet in this system does not remain fixed, i.e. 


+ For the extent of the effect of the Earth’s atmosphere on the nature of the polariza- 
tion of radio emission received see section 7. 

t We recall that Jupiter’s equatorial period of rotation (system I) is 9"50™30-003*, 
and the period of rotation of the moderate belts and the polar regions (system II) is 
9®55™40* (Akabane, 1958b). 
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its period of rotation differs slightly from the period of system II and is 
obviously less than the latter. For the period in the new system III estab- 
lished on the basis of radio observations Shain gave a value of 9°55™135 
+5 sec. The values of the central meridian longitude in system III are 
shown in Fig. 93b. Later the period of rotation in system III was determined 
more precisely by a number of other observers (Smith and Carr, 1959; 
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Fic. 93. Value of the longitude of Jupiter’s central meridian during a period 
of the planet’s activity at a frequency of 18-3 Mc/s (1951): (a) in system II; 
(b) in system III. The short horizontal lines are the intervals during which 
bursts were observed; the position of these lines indicates the longitude of 
Jupiter’s central meridian during the observations (Shain, 1956) 


Carr et al., 1958, 1961; Gardner and Shain, 1958; Franklin and Burke, 
1958; Gallet, 1958) who had more extensive observational data available. 
When processing the results of radio observations at present use is often 
made of the period of rotation of the local sources determined by Smith 
and Carr (1959) 
Ty = 9b55m28-85, (19.1) 
Here the new longitude system III, by definition, coincides with system II 
at 0° universal time on 1 January 1957 and rotates with a period T??. The 
longitude of Jupiter’s central meridian O™ in system III at 0° universal time 
for the Jovian data j can be calculated from the published data for system 
II by the formula 
OUI = Ol + 0-28845(j—2,435,839-5), (19.2) 
However, the coordinates of the local sources, strictly speaking, do not 
remain constant in a system with the period (19.1). According to Douglas’s 
data (Douglas, 1960) obtained by homogeneous statistical analysis of the 
results of all known observations of Jupiter’s decametric radio emission 
for 10 years (1950-60) the period of system III ist 
TH = 9255"29-379+ 0-168. (19.3) 
t This very high accuracy for the quantity TẸ is not surprising: it is the result of 


the fact that the observations cover thousands of periods of Jupiter’s rotation over 
many years. 
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In that case: 
OTI = OU+ 0-2742 x (i —2,433,339-5). (19.4) 
A value Ty = 9°55™29-35°, which is very close to (19.3), is given by 
Carr et al. (1961). 
Figure 94 shows histograms covering a 7-year period for the number of 
observations of Jupiter’s activity in the decametric band at a frequency 
of 18-20 Mc/s as a function of the longitude of the central meridian in 
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Fic. 94. Histograms of a number of observations of Jupiter’s sporadic radio 

emission as a function of the longitude of the central meridian in system III 

(period 9555™28-8") at frequencies of 18-22 Mc/s in 1951-8 (Smith and Carr, 
1959) 


system III. It is clear from these that there are three local sources of radio 
emission on Jupiter (Carr et al., 1958; Gardner and Shain, 1958; Franklin 
and Burke, 1958; Barrow, Carr and Smith, 1957). The basic source (with 
a longitude around 200°) stands out in all the histograms. Two weaker 
sources (with a longitude of about 110 and 300°)T were not found in 
Burke and Franklin’s observations (1955); during Shain’s observations 


t+ Here the longitude is given in the system with Tx = 9555™28-8". In the more 
exact system HI with T% = 9555™23-37* the values of @™ will be slightly different: 
178° +7° for the basic source and 76° + 13° and 254° + 15° for the weaker ones. Therefore 
the difference in the longitudes is close to 180° for the latter two sources. 
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(1951) the latter sources were in fact merged with the basic one. It should 
also be noted that the three sources of bursts are observed only in the 
16-22 Mc/s range. At higher frequencies only one (or more rarely two) 
centre of activity is generally to be found. At lower frequencies (5-10 Mc/s) 
the connection between the degree of activity and the longitude of the 
central meridian of the planet becomes very vague (Fig. 95) (Carr et al., 
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Fic. 95. Histograms of the probability of appearance of Jupiter’s activity as 
a function of the central meridian’s longitude in 1960 at frequencies of 
10-27-6 Mc/s (Carr et al., 1961) 


1961; Gardner and Shain, 1958). This connection, however, becomes quite 
clear if the degree of activity is characterized not by the number of bursts 
recorded but by their mean intensity. Then, according to Ellis (1962), 
Ellis and McCulloch (1963), at f = 4-8 Mc/s there are two sources—at 
longitudes of about 20 and 200° (in the system with Ty (19.1)). The latter 
obviously coincides with the main centre of radio emission in the 20 Mc/s 
band. 

To judge from the data of 10 years of observations, the radio-emitting 
centres on Jupiter (and above all the main local source) are very stable 
in nature: both the period and the relative longitude position of the 
local sources remain fixed within the limits of the observational accuracy 
(Douglas, 1960). A comparison of the coordinates of the main source 
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at different frequencies shows that the longitude corresponding to the 
radio emission maximum appears to be slightly less at high frequencies, 
the difference being about 15° in the interval between 17 and 22 Mc/s 
(see Fig. 95) (Carr et al., 1961; Gardner and Shain, 1958). 

No definite connection has been found between the emitting centres 
and the structural features of Jupiter’s visible surface. Shain (1955, 1956) 
from observations in 1951-2 identified the sources of radio emission with 
particular white spots, which at that time were located in a zone of high 
activity on the boundary between the southern temperate belt and the 
polar zone. Franklin and Burke (1956), on the basis of observational 
results for 1955-6, suggested that the bursts of radio emission are connected 
with the Red Spot. However, these identifications were recognized as 
unfounded (Carr et al., 1958; Gardner and Shain, 1958; Franklin and 
Burke, 1956) because of the clear difference between the periods of rotation 
of the white spots and the Red Spot and the period of system II. At the 
same time (Carr et al. (1958) and Barrow and Carr (1958) suggested 
that in 1957 the second most active source of bursts was possibly connected 
with a southern tropical disturbance. No confirmation of this connection 
was obtained. Scanning of Jupiter in white light and in the H, line with 
photoelectric devices during strong bursts of radio emission did not reveal 
any optical effects accompanying these phenomena either (Morris and 
Berge, 1962; see also Jelley and Petford, 1961). 

If we take into consideration the remarkable constancy of the period 
of rotation and the Jovian longitude of the radio-emitting centres on the 
one hand, and the variability of the structure of Jupiter’s visible surface, 
the difference in the period of rotation of the local centres from the periods 
of systems I and II and the lack of success in attempts to connect the local 
sources with features of the cloud layer on this planet on the other, it 
becomes clear that the local sources of sporadic radio emission (their 
period of rotation and position on the disk) are connected with deep-lying 
layers of the planet rotating as a solid body. This cannot, of course, be 
understood in the sense that the regions where the sporadic radio 
emission is generated are located in Jupiter’s sub-cloud layers; they may 
even be located in the upper layers of the planetary atmosphere. In the 
latter case the connecting link between the deep-lying layers and the radio- 
emission sources determining the period of rotation of the latter (and 
possibly even their localization on the planetary disk (Warwick, 1963a; 
Carr, Smith and Bollhagen, 1960)) may be Jupiter’s magnetic field. 

As well as the 10-hour cycle determined by the length of the Jovian 
days, in 1957 a well-defined cycle of the planet’s activity was found with 
a period of about 8 days (Carr et al., 1958). This can be checked in Fig. 96, 
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which shows the index of Jupiter’s daily activity at a frequency of 18 Mc/s.t 
(In this figure we can also see a 32-day cycle with maxima near 16 January 
1957 and 17 February 1957.) The 8-day cycle, however, was not noticeable 
in the observations at the end of 1957 and beginning of 1958 at frequencies 
of 18 and 22-2 Mc/s (Smith and Carr, 1959). This may be connected with 
the very considerable weakening of Jupiter’s activity at decametric wave- 
lengths (rarer recordings of radio emission when compared with the 
preceding observations). 
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Fia. 96. Index of Jupiter’s activity at a frequency of 18 Mc/s at the beginning 
of 1957 (Carr et al., 1958) 


A study of the correlation of the 8-day cycle with the number of sunspots, 
the index of geomagnetic activity and with the level of cosmic radio emis- 
sion (which characterizes the absorption in the Earth’s atmosphere, this 
depending in its turn on the quantity of solar ionizing radiation) did not 
lead to any positive results (Carr et al., 1958). The suggestion that this 
cycle is connected with tidal phenomena on Jupiter that alter the trans- 
parency of the Jovian ionosphere and caused by the most massive of this 
planet’s satellites, Ganymede (period of rotation about 7 days), is most 
improbable: the tidal forces from Ganymede are far less than from the 
nearer satellites. It is more probable that this cycle is a consequence of 
the stroboscopic effect occurring during the rotation of the Earth and 
Jupiter: every 5 and 7 days the emitting region on Jupiter passes through 
the planet’s central meridian at the same terrestrial time (with an accuracy 
of up to an hour). Since the 3-hour sessions of night observations were 
also made at a constant time it may be assumed that this circumstance also 
caused the short-period variations in the activity index (5 and 7 days), 
whilst the throbbing between these periods led to long-period variations 
with a characteristic time of 35 days (Carr et al., 1958; Carr, 1959). 


+ The activity index is characterized here in a certain arbitrary scale based on an 
estimate of the intensity and duration of the sporadic radio emission. 
ł 32 days, to judge from preliminary observations (see Fig. 96). 
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DIRECTIONAL FEATURES OF RADIO EMISSION AND SIZE OF LOCAL SOURCES 


When processing the observations of 1950-1 Shain noticed the short 
duration of Jupiter’s radio-emitting phase when compared with the planet’s 
period of rotation: the angle 49 which Jupiter turned during the recording 
of intense emission was only 35—70° (see Fig. 93). These data are confirmed 
by later investigations (Carr et al., 1958; Franklin and Burke, 1956), 
according to which AO = 40-50° at frequencies of 18-22 Mc/s. 
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Fic. 97. Dependence of width of basic source of radio emission 4@ on the 

frequency f. The value of 4® is determined at half level from the histograms 

characterizing the probability of appearance of Jupiter’s activity as a func- 

tion of central meridian longitude. Sources: 1—Carr et al., 1961; 2—-Gardner 

and Shain, 1958; 3—Franklin and Burke, 1958; 4—Gardner, 1957; 5— 
Douglas, 1960; 6—Morris and Berge, 1962 


The value of AO can also be judged from the histograms in Figs. 94 and 
95. Here, however, the width of the maxima tends to provide values of 
AO that are too high because of averaging of the times of appearance of 
activity that show noticeable dispersion. This is easily checked by an ex- 
ample from Figs. 93 and 94: according to the first of them 49 ~ 35-70° 
and according to the second 4O = 135° (at 18-3 Mc/s). 

In simultaneous observations at two frequencies Gardner and Shain 
(Gardner and Shain, 1958; Gardner, 1957) found that 4O decreases as the 
frequency rises. Figure 97 shows the results of these observations together 
with data (Carr et al., 1961; Douglas, 1960) that confirm this dependence. 
The exceptions are the values of 4O found by Franklin and Burke (1958) 
and also shown in the figure: in general they do not vary with the frequency. 

The last results are the least convincing since they are based on far less 
Statistical material. Barrow (1960), on the other hand, has cast doubt on 
the reliability of the frequency dependence of the angle 40 on the basis 
that the small range of angles 40 occupied by the local source on the high- 
frequency histograms (27 Mc/s) may be caused by the rarer recording of 
Jupiter’s radio emission because of its lower intensity at these frequencies 


264 


§ 19] Sporadic Radio Emission of Jupiter 


when compared with the 18-22 Mc/s range. This objection is obviously 
valid provided that in the observations at high frequencies it was mostly 
those cases of Jupiter’s activity that were recorded when the level of the 
radio emission was close to the minimum detection threshold even when the 
source intersected the central meridian. Since Jupiter’s activity index, as 
has already been pointed out above, drops sharply as we move from 
18 Mc/s to the higher frequencies this argument is not without foundation. 
It should, however, be noted that the conditions are more favourable for 
observation at high frequencies because of the reduction in the noise level, 
which also determines the detection threshold for the Jovian radio emis- 
sion, At the same time the dependence of 40 on the frequency f is also 
observed in the 16-22 Mc/s range where the activity of Jupiter is greatest. 
Here Barrow’s arguments lose their force. 

It is clear from what has been said that the nature of the dependence of 
AO on f needs further analysis, although the combined available data 
quite definitely indicates a rise in the interval 40 as the frequency drops. 

The fact that the radio emission ceases or is strongly attenuated when 
the local sources are a comparatively small distance away from the planet’s 
central meridian is due to the combined action of two causes: the small 
extent of the local sources in longitude 40, and the directional nature of 
their radio emission characterized by the beam width 4Opeam- It is easy 
to see that the range of longitudes AO in which the activity of Jupiter 
can be observed is connected with 40, and AO,,,,, by the relation 

(40)? = (40,)?+ (AO beam)”, (19.5) 
from which it follows that the quantity 40 plays the part of the upper limit 
for the intervals 4O, and AO,..m- 

The maximum size of the regions in which the Jovian bursts are gen- 
erated has also recently been determined from interferometer observations 
(Slee and Higgins, 1963) (f = 19:7 Mc/s). Despite the considerable separa- 
tion of the interferometer aerials (32:3 km, which is equivalent to 1940 A), 
the effect of ionospheric fluctuations did not prevent the success of the 
experiment. It was found that the diameter of the source of a burst is less 
than one-third of the planet’s diameter, all the bursts during a noise storm 
coming from one region with a size of less than half the planet’s diameter. 
These results obviously do not contradict the data given above on the 
upper limit of 40,. 


t There is less probability of being able to explain the smallness of the angle 40 not 
by the directivity of the emission but by the sharp dependence of the latter on the degree 
of illumination of the local source by the Sun’s rays (the visible positions of the Earth 
and the Sun in the sky are very close: the angular distance between them is not more 
than ten degrees or so) (Shain, 1956). 
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CONNECTION WITH SOLAR ACTIVITY 

The presence of a close connection of the various geophysical phenomena 
with solar activity allows us to assume that there is a similar connection 
for the other planets of the solar system as well, and that it manifests 
itself in the level of Jupiter’s sporadic radio emission. Indeed, Warwick 
(1960) obtained a number of data indicating a correlation between 
Jupiter’s decametric radio emission and solar radio emission in the same 
waveband (see also Kraus, 1958b). 
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Fic. 98. Number of cases of recording of Jupiter’s radio emission on days of 

an increase in the continuous solar radio emission, and also on the preceding 

(“minus” sign) and succeeding (“plus” sign) days. The dotted line shows the 

mean number of appearances of Jupiter’s radio emission in a period of 5 
months (Warwick, 1960) 


A comparison of recordings of Jovian and solar radio emission made on 
radio spectrographs operating in the 15-34 Mc/s range showed a general 
agreement between the dates of the appearance of Jovian activity and the 
level of the Sun’s radio emission. In particular the considerable rise in 
the level of the solar radio emission on 28 March to 4 April 1960 and 21 
April to 14 May 1960 was accompanied by several outstanding events in 
Jupiter’s radio emission. The connection between the activities of Jupiter 
and the Sun can be seen more definitely from the diagram in Fig. 98, which 
was plotted by the method of superimposing epochs from the results of 
observations during the spring of 1960. The diagram shows the number of 
cases of the appearance of Jovian radio emission on days when a rise was 
observed in the level of the solar radio emission, and also on the preceding 
and succeeding days. It is clear from the figure that the Jovian’s activity 
rises noticeably 1 or 2 days after intense solar radio emission has been 
recorded.t In addition, the index of Jupiter’s activity in periods of strong 


t According to different data (Douglas, 1960) this lag is slightly greater (3-4 days). 
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solar activity (to which the data given in Fig. 98 relate) is systematically 
higher than the mean index of activity in the spring of 1960. Less definite 
results were obtained by Warwick (1960) in a comparison of the data 
of Burke and Franklin’s observations in 1955 with the number of sunspots. 

The lag noted corresponds to motion of an agent from the Sun towards 
Jupiter at a velocity of about 0-1c (c is the velocity of light in a vacuum). 
This agent may be energetic protons ejected from the region of chromo- 
spheric flares on the Sun which cause the polar blackouts on Earth (see 
section 17). 

In this connection it would be of interest to make a direct comparison 
of Jupiter’s activity index with the absorption of radio waves in the Earth’s 
polar regions. 

Since corpuscular streams of solar origin have a significant effect on 
Jupiter’s activity, during opposition we may expect the appearance of a 
correlation between the sporadic radio emission of this planet and disturb- 
ances of the Earth’s magnetic field by the action of corpuscular streams 
moving at velocities of the order of 103 km/sec. Certain indications of the 
existence of a close connection have been obtained by Carr, Smith and 
Bollhagen (1960) (see also Carr et al., 1961) from radio observations at 
10 and 18 Mc/s. It turned out that there is correspondence between events 
on Earth and on Jupiter if we allow for the shift in time (about 8 days) 
required for the stream of particles to move from the Earth to Jupiter. 
The magnitude of this shift was determined from the velocity of the streams, 
which in its turn was found from the lag of the geomagnetic disturbances 
behind the chromospheric flares. 

We spoke above about the positive correlation of Jupiter’s sporadic 
radio emission with solar activity manifested in the increase in Jupiter’s 
activity index at decametric wavelengths following sporadic phenomena 
on the Sun. It is quite possible, however, that there is also a negative 
correlation between Jupiter’s radio emission and solar activity covering 
the 11-year cycle of solar activity (Carr, 1959; Warwick, 1960). In actual 
fact, Jupiter’s radio emission was observed almost every day and was very 
intense in 1951 (Shain, 1956) a few years after the maximum of the solar 
cycle in 1947. In 1955-6 bursts were recorded in the best case once every 
3 days for half an hour in 5 hours of daily observations (Gardner and 
Shain, 1958). In other words, at this period Jupiter was active for about 3% 
of the observational time. There was a particularly sharp decrease in the 
planet’s activity in 1957-8, i.e. in the years of the next solar activity maxi- 
mum (Smith and Carr, 1959). And only 2 years later, at a period of con- 
siderable weakening in solar activity, Jupiter’s radio emission showed a 
tendency towards a restoration of the previous high level (Warwick, 1960). 
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The variation in the extent of Jupiter’s activity in the radio-frequency 
band near a sunspot activity maximum can be clearly seen in Fig. 99, 
which shows the mean values of the number of sunspots (Wolf number) 
and the probabilities of the appearance of Jupiter’s activity in 1957-60 
(Carr et al., 1961). (The latter quantity was determined as the ratio of the 
time during which Jupiter’s radio emission was recorded to the whole 
time of the observations.) 
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Fic. 99. Comparison of mean probability of appearance of Jupiter’s ac- 
tivity in the radio-frequency band with the relative number of sunspots 
in 1957-60 (Carr et al., 1961). 


The small amount of data given on the connection of phenomena on 
the Sun and on the Earth with Jupiter’s sporadic radio emission is by way 
of being a preliminary. The negative correlation has been followed for 
only one solar cycle; data on the positive correlation are based on insuf- 
ficiently extensive statistical material. More definite information on the 
nature of the connection of Jupiter’s sporadic radio emission with solar 
activity can be obtained only as the result of further lengthy observations. 

In conclusion we would remark that the characteristics of Jupiter’s 
sporadic radio emission show a very close analogy with type I solar bursts 
(see section 12). This similarity is manifested in features of the dynamic 
spectra both of individual bursts (including the life, the relative width 
Afif of the frequency spectrum, the absence of any significant drift) and of 
burst storms as a whole (in the limited width of the spectrum and the slow 
frequency drift). The nature of the polarization and the directivities of the 
two phenomena also have much in common. This analogy is apparently 
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not a random one: it is probably connected with the common features of 
the radio emission mechanisms and with a certain similarity in the condi- 
tions of the generation of this radio emission on the Sun and on Jupiter.t 


20. Continuous Radio Emission of the Planets 

We shall call the radio emission of the planets in the millimetric, centi- 
metric and decimetric bands continuous since (despite certain variations 
connected in particular with the motion of the planets) it can always be 
observed and does not have a discontinuous nature like the radio emis- 
sion of Jupiter that appears sporadically (from time to time) at decametric 
wavelengths. 


RADIO EMISSION OF SATURN 


The original observations of the planet with an 8-5 m paraboloid and a 
wide-band radiometer operating in the 2 = 4-4-5 cm band gave a value for 
the spectral radio emission flux of about 4x 10-2 W m~? c/s~1 (Drake and 
Ewen, 1958). The later, more accurate measurements of Cook et al. (1960) 
with better equipment (an aerial 26 m in diameter and a maser) showed 
that this value was far too high. In actual fact at 2 = 3-45 cm the effective 
temperature of the planet related to its optical disk (without allowing for 
Saturn’s rings) is T.g¢, = 106+ 21°K, which corresponds to a spectral radio 
emission flux of S, ~ 07X107% W m~? c/s~! (for one polarization).t 

The value obtained for T._,, agrees with the measurements of Saturn’s 
temperature in infrared rays (120°K). It can be expected, therefore, that 
all the observed radio emission comes from regions of the atmosphere 
adjacent to the planetary cloud layer. Saturn’s brightness temperature at 
2 ~ 10 cm is noticeably higher than at A ~ 3 cm and equals 180-200°K 
(Davis, Beard and Cooper, 1964; Rose, Bologna and Sloanaker, 1963a 
and 1963b; Drake, 1962b). 

The data available on the degree of polarization of the radio emission 
are contradictory. Rose, Bologna and Sloanaker (1963a and 1963b) have 
reported a high degree of polarization at 4 = 9-4 cm (0, > 20%+8%); 
after subtracting the non-polarized thermal component with T sa = 106°K 
(as at 2 = 3-45 cm) the degree of polarization 9, becomes not less than 


t For the features of Jupiter’s radio emission see also articles by Roberts (1963, 
1964) and by Douglas and Smith (1963). Data obtained later on the radio emission 
of Jupiter including the I, relation with the decametric burst level and the nature of 
the dynamic spectrum are reported in a review by Warwick (1967). 

t It is easy to change from the value of S, to the quantity Tent by a formula of the 
(4.15) type, remembering that the radius of Saturn is Ry, ~ 610° cm and assuming 
that the distance from the Earth to Saturn in the observation period was about 9-5 
a.u. © 1-510" cm. 
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51 +22%. Davis, Beard and Cooper (1964), however, did not find such 
polarization at A = 11:3 cm: during their observations odid not 
exceed 6%. 


RADIO EMISSION OF JUPITER 


All the values known at present for Jupiter’s effective temperature Tsy 
obtained as the result of measurementst in the centimetric and decimetric 
wavebands are shown in the graph in Fig. 100a. This also shows the upper 
limits for the value of Ty at A= 8-6 mm (McClain, 1960), à = 73-5 cm 
(Long and Elsmore, 1960) and 4 = 3-5 m (Mills et al., 1958). 

The values of T.g, as a rule, are obtained as the result of averaging 
tens and hundreds of recordings made as the planet passed through the 
beams of the receiving aerials. It must be pointed out that this operation was 
used not only in the cases when the level of the signal being received was less 
than the fluctuation threshold of the sensitivity and the averaging became 
completely necessary to pick out the signal on the background of intense 
equipment noise: this method was used to raise the measurement accuracy 
even when the useful signal could be clearly seen even on a single recording. 

The values of Jupiter’s spectral radio emission flux S$; given in Fig. 100b 
are calculated from the T,¢, in Fig. 100a by a formula of the (4.15) type, 
in which the distance from the Earth to Jupiter was taken as 5:2 a.u. for 
all the observations. 

The first series of observations of Jupiter’s continuous radio emission 
at A = 3:15 cm with an ordinary radiometer (Mayer, McCullough and 
Sloanaker, 1958) (see also Mayer, 1959) led first to a value for Tyg. of 
140+38°K, then 145+26°K. These values agree within the limits of the 
measurement accuracy achieved with the temperature of the upper layer 
of clouds on the planet (130°K). 

The effective temperature in the 3 centimetre band was determined more 
exactly later as the result of observations (Alsop et al., 1959a and 1959b) 
using masers which increased the receiver sensitivity by an order of magni- 
tude. It turned out that at 4 ~ 3 cm Tey is slightly higher than Jupiter’s 
temperature in infrared says and rises slightly with wavelength: Tig, = 
171420°K at 4 = 3-03 cm andZ gy = 189420°K at A = 3-36 cm. 


+ Alsop et al. (1959a and 1959b); Mayer, McCullough and Sloanaker (1958); Drake 
and Ewen (1958); Rose, Bologna and Sloanaker (1963a and 1963b); Gibson and Cor- 
bett (1963); Sloanaker and Boland (1961); McClain and Sloanaker (1959); McClain, 
Nichols and Waak (1960 and 1962); Epstein (1959); Drake and Hvatum (1959); 
Roberts and Stanley (1959); Bibinova er al. (1962) (see also Mayer, 1959; Field, 1959; 
Sloanaker, 1959). 

ł In this connection it should be noted that the relative measurement accuracy 
achieved by Rose, Bologna and Sloanaker (1963a and 1963b) was higher than the ab- 
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Fic. 100. Values of Jupiter’s effective temperature 7.2, related to the 
planet’s optical disk and the spectral radio emission flux S; at different 
wavelengths. The vertical lines show the possible measurement errors. The 
dotted curves show the most probable frequency spectrum of Jupiter’s con- 
tinuous radio emission. The wavelengths A in the figure are in cm. Sources: 
1—Drake and Hvatum (1959); 2—Roberts and Stanley (1959); 3—-Rose, 
Bologna and Sloanaker (1963a and 1963b); 4—Drake and Ewen (1958); 
5—Sloanaker and Boland (1961); 6—McClain and Sloanaker (1959); 7— 
Alsop et al. (1959a and 1959b); 8—McClain (1960); 9—-Vetukhnovskaya 

et al, (1963); 10—Seeger, Westerhout and Conway (1957); 11—Bibinova 

et al, (1962); 12—Epstein (1959); 13—Long and Elsmore (1960); 14— 
Zakharov et al. (1964); 15—Mills et al. (1958); 16—McClain, Nichols and 
Waak (1962). 


The closeness of the effective radio temperature to the temperature in 
infra-red rays gave a reason for assuming that the radio emission at 
A = 3 cm is generated in regions of Jupiter’s atmosphere adjacent to the 
visible layer of clouds. Here it first seemed possible (Alsop et al., 1959a 
and 1959b; Ellis, 1962; Ellis and McCulloch, 1963; Mayer, 1959) that the 
higher values of Tq. at A ~ 10cm (about 600°K (Sloanaker and Boland, 


solute accuracy indicated here. The result of the observations (Drake and Ewen, 1958; 
Field, 1959) in the 3-cm band, according to which 7,4, is about 210°K, is unreliable 
and apparently contains an error (see Mayer, 1959). 
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1961; McClain and Sloanaker, 1959)) were connected with the planet’s 
hotter layers beneath the clouds, from which the radio emission in this 
band also comes. However, later measurements of Jupiter’s effective tem- 
perature at decimetric wavelengths cast doubt on the correctness of this 
interpretation. It is improbable that the radio emission in this band, which 
has a higher effective temperature (about 3103 °K at 20 cm (McClain, 
Nichols and Waak, 1960 and 1962; Epstein, 1959; Drake and Hvatum, 
1959) and 5-5 x 10? °K at 30 cm (Roberts and Stanley, 1959)), is generated 
by layers of the planet beneath the clouds, since in this case their kinetic 
temperature should be close to the above values for the radio temperature 
T.,, ie. approach the temperature of the solar photosphere, which is 
completely unlikely. Moreover, if Drake and Hvatum’s data (1959) 
(Tey, = (743)X104 °K at A ~ 68 cm) correspond to the truth, regions 
with an even higher temperature should exist in the layers under Jupiter’s 
clouds. 

It is true that the latter value of T, of, is apparently somewhat too high. 
This is indicated by Long and Elsmore’s interferometer observations 
(Long and Elsmore, 1960) who, having failed to find radio emission from 
Jupiter at A = 73-5 cm, set the upper limit for the spectral radio emission 
flux S, at 1-1X10~%* W m~? c/s“? provided that the diameter of the emit- 
ting region is close to the planet’s optical diameter (about 0-6’). As we 
increase the assumed size of the source, which it was not possible to estab- 
lish in Long and Elsmore (1960), the upper estimate for S; rises, reaching 
5-4X 107-25 W m~? c/s~! (for a source with a diameter of more than 3-5’). 
These two values of S, correspond to the following values of the effective 
temperature related to Jupiter’s optical disk: Tq, < 8X10°°K and 
Tery < 4X10*°K respectively, which is less than the value given by 
Drake and Hvatum (1959). The latter estimate agrees with the data of 
recent measurements (Zakharov, Krotikov, Troitskii and Tseitlin, 1964) 
at A = 70 cm, according to which Tg. = 2104 °K with an accuracy 
of +10%. 

It is as well to point out that the question of Jupite1’s radio emission 
at wavelengths of 2 > 30 cm plays an important part in determining the 
nature of the frequency spectrum. In actual fact, it follows from all the 
known data on the magnitude of S; (including the result of Drake and 
Hvatum (1959) at A ~ 70 cm) that the radio emission flux increases with 
A in the range of wavelengths from 30 to 70 cm. If, in accordance with 
Roberts and Stanley (1959), Zakharov et al. (1964) we take the smaller 
values of S, at wavelengths of 70 cm, it turns out that the spectral radio 
emission flux decreases here as the wavelength rises (see Fig. 100). 

On the basis of what we have been saying above the suggestion was put 


272 


§ 20] Continuous Radio Emission of the Planets 


forward by Drake and Hvatum (1959), Roberts and Stanley (1959) and 
Field (1959) that the decimetric radio emission is not generated in the 
layers beneath Jupiter’s clouds but in the regions surrounding the planet 
that on Earth are occupied by the Van Allen belts. It might be expected in 
the latter case that the angular size of the radio emission source would 
noticeably exceed the visible diameter of Jupiter. Since the emission in 
this case is obviously connected with charged particles moving in Jupiter’s 
magnetic field, the presence of polarization in the observed radio emission 
from the planet is possible from this point of view. 

In order to check this hypothesis Radhakrishnan and Roberts (1960a 
and 1960b) carried out some very important work, the results of which 
throw light on the problem of the origin of Jupiter’s continuous radio 
emission: they measured the angular size of the source of the radio emission 
and investigated the nature of the latter’s polarization. Their radio tele- 
scope at A = 31-3 cm was an interferometer with a scanning pattern. The 
distance between the adjacent lobes of the beam could be altered during 
the observations by changing the interferometer baseline; it took up values 
about 18’, 9’, 4-5’ and 2’. Provision was made in the interferometer to 
change the orientation of the aerials in both arms so that it could work 
as an interference polarimeter (see sections 5 and 6). 

In their observations of Jupiter Radhakrishnan and Roberts found no 
circularly polarized emission; if it does exist its relative contribution does 
not exceed 6%. At the same time they noted linear polarization in Jupiter’s 
continuous radio emission, whose value go, (according to the data of 
measurements made on different days) varied from 25% to 43% with a 
mean value of 33%.f The electrical vector of the polarized component is 
located almost parallel to Jupiter’s equatorial plane, not deviating from 
it by more than +12°. 

Subsequent observations (Morris and Berge, 1962) showed that during 
the rotation of Jupiter the plane of polarization is subject to systematic 
oscillations (with the same period); their amplitude is 9+3°. This effect 
is obviously caused by the inclination of the magnetic dipole’s axis to the 
planet’s axis of rotation by an angle of 9+3°. Judging from the nature of 
the deviation of the plane of polarization from the equatorial plane in 
system ITI, the magnetic poles are located at longitudes of 200 and 20° with 
anaccuracy of up to 10°. Within the limits of observational error these data 
agree with those obtained by Rose, Bologna and Sloanaker (1963a and 


+ The use of a slightly different method of measuring the degree of polarization gave 
a lower mean value (22 %). Close values of the degree of polarization were then obtained 
at even shorter wavelengths (0, ~ 25-45% at A = 21 cm (Miller and Gary, 1962) and 
0, © 21% at A = 9-4 cm (Rose, Bologna and Sloanaker, 1963a and 1963b)). 
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1963b) at A = 9-4 cm. Therefore the longitude position of one of the 
magnetic poles is close to the position of the main local source of 
decametric radio emission (at a longitude of 200°; see section 19). 

Recordings of Jupiter’s radio emission at different distances from the 
plane of the interferometer (and therefore at different distances between 
the lobes of the beam) have shown (Radhakrishnan and Roberts, 1960a 
and 1960b) that the modulation depth of the interference recording varies 
when the mean distance between the lobes reaches 2’. It follows from this 
that the extent of the radio emission source is likewise about 2’, i.e. it is 
approximately three times greater than the visible diameter of Jupiter. 

Therefore the hypothesis of the generation of the decimetric radio 
emission in the outermost regions of Jupiter has been brilliantly confirmed. 

The observations made by Radhakrishnan and Roberts (1960a and 
1960b) are insufficient for us to judge the details of the radio brightness 
distribution over Jupiter. It was noticed, however, that the modulation 
depth of the polarized component decreases as the width of the lobes gets 
less more rapidly than the modulation depth of the radio emission’s non- 
polarized component. This effect is, in all probability, caused by the fact 
that the outer regions of the source are more strongly polarized than its 
central part. 

Later Morris and Berge (1962) have once more measured the linear 
polarization and investigated the radio brightness distribution over the 
source of Jupiter’s continuous radio emission at 2 = 31:3 and 21-6 cm. 
For the degree of linear polarization ọ, they obtained values of 33 +7% 
and 28+6%, which are close to those indicated earlier. The distribution 
of Tg over the source can be approximated with sufficient accuracy by a 
Gaussian curve; the diameter of the local source determined at a level of 
1/e of the maximum T,, value exceeds the optical diameter by a factor of 
3-3 at A = 31-3 cm and a factor of 2:9 at A = 21-6 cm. These values of the 
effective radio diameter characterize the size of the emitting region in the 
equatorial direction; in the polar direction the radio diameter is far less 
(~3 and 2-4 times respectively at the above wavelengths), i.e. it is only 
slightly larger than the optical diameter. 

Let us now examine the data on the variations in the flux of the Jovian 
radio emission. 

The level of Jupiter’s radio emission in the 3-cm band is relatively con- 
stant. The observations (with an accuracy of up to 10% of the total flux 
value) do not show any rapid variations with a characteristic time of the 
order of tens of hours or several days, in particular variations connected 
with the planet’s rotation (the only exception is an indication of an anom- 
alous increase in T.g to 270°K in the period between 30 April and 
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1 May 1958). At the same time there is a noticeable difference in the effec- 
tive temperature values obtained in 1956-7 (140-145°K (Mayer, McCul- 
lough and Sloanaker, 1958c; Gibson and Corbett, 1963)) and in 1958-9 
(165-190°K (Alsop et al. 1959a and 1959b)). This slow rise in the level of 
the radio emission is approximately one and a half times higher than the 
possible observational errors. Slow variations in the radio emission are 
also found at wavelengths of 10 cm (Sloanaker and Boland, 1961); for 
example the mean value of T.e, which according to the measurements of 
1958 was 640+85°K, dropped in the following year to 315+65°K.t 

In the decimetric band the strong time dependence of the level of radio 
emission has been noted by many observers (see, e.g., McClain and Sloan- 
aker, 1959; Epstein, 1959; Drake and Hvatum, 1959; Roberts and 
Stanley, 1959). However, Roberts (1963 and 1964) now considers it almost 
certain that in many cases the variations were caused by subsidiary things: 
low equipment stability, difficulties of picking out the source on a back- 
ground of intense cosmic radio emission, polarization of the Jovian emis- 
sion, etc. 

Attempts to find any correlation of Jupiter’s effective temperature in the 
decimetric band with the chromospheric flare index, the level of the solar 
radio emission at A = 10 cm and geomagnetic disturbances (i.e. with solar 
corpuscular streams) are still unsuccessful (McClain, Nichols and Waak, 
1960, 1962; Roberts and Stanley, 1959). There are only a few indications 
of an increase in the intensity of Jupiter’s emission at 2 = 21 cm after a 
strength 3 solar flare which occurred on 10 May 1959 and the intense 
aurora that was observed a day later (McClain, Nichols and Waak, 1960 
and 1962). 

Sloanaker and Boland (1961) have investigated the connection of the 
level of the radio emission observed at A ~ 10 cm with Jupiter’s rotation. 
(This connection is obviously possible if the source of the radio emission 
is not symmetrical relative to the planet’s axis of rotation.) They found no 
definite correlation of Tg with the longitude of Jupiter’s central meri- 
dian in systems I, II or in a system with a period of Th +41 sec. However, 


t The graphs for the decimetric band in Fig. 100 show the values of Ten 2 and S 
averaged from observations made for many days. The different values of Ten y and S 
at A ~ 10 cm (Sloanaker and Boland, 1961) and A ~ 20 cm (McClain, Nichols and 
Waak, 1960, 1962) shown in Fig. 100 therefore reflect only slow variations in the radio 
emission level with a characteristic time of the order of a month or more. In principle it 
is not impossible that the different results of the measurements (Drake and Hvatum, 
1959; Long and Elsmore, 1960) at å ~ 70 cm can be explained by variations in the 
Jovian radio emission flux. The absence of any significant variations in the value of 
Ten 4 in the experiments of Drake and Hvatum (1959) cannot be a convincing argument 
against this since the observations were made for a total of only 2 days. 
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in a system with a period of Ty +82 sec the effective temperature of one 
side of the planet turned out to be 30% greater than the Tey, Of the other 
side. This correlation seems also to appear in a coordinate system rotating 
123 sec more slowly than system II. 
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Fic. 101. Dependence of Jupiter’s effective radio emission temperature Tott 21 
at A=21 cm on the longitude of the central meridian © in system II (McClain, 
Nichols and Waak, 1960 and 1962) 


The comparison of the longitude of the central meridian with the varia- 
tions in Ty, yata wavelength of 21 cm made by McClain, Nichols and 
Waak (1960, 1962) (see also Miller and Gary, 1962) confirms the presence 
of this effect. Just as at 10 cm no correlation was found in system I, 
although there is a clear connection between the planet’s effective tempera- 
ture and the longitude of the central meridian in system II. It shows up in 
the 20% increase in Tg, between 175 and 225° of longitude. This correla- 
tion can be clearly seen in Fig. 101, where the longitude of the central 
meridian in system II is plotted on the abscissa and the effective emission 
temperature averaged over the time Jupiter takes to rotate an angle of 30° 
is plotted on the ordinate; this averaging was carried out at successive 
intervals of 45°.t 

The results given for the comparison of the fevel of radio emission with 
the longitude of Jupiter’s central meridian are interesting, although not 
very convincing because of the limited number of observations. As ex- 
perimental material is accumulated it will presumably become possible to 


+ No significant differences of the correlation in system II and in system III (intro- 
duced for the characteristic curve of Jupiter’s local sources of sporadic radio emission) 
were found during the observation time because of the closeness of these systems’ 
periods. We note that the position of Jupiter corresponding to the radio emission maxi- 
mum at A = 21 cm (longitude 110° in system III) does not correspond to intersection 
of the central meridian by the principal source of the bursts since the longitude of the 
latter is about 200° in this system. 
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connect the variation in Tẹ more certainly with the planet’s rotation and 
obtain more definite information on the extent of the asymmetry of 
Jupiter’s source of continuous radio emission (in this connection see also 
Roberts, 1963 and 1964; Morris and Berge, 1962; Gary, 1963). A review 
of later results of decimetric observations of the Jupiter radio emission 
is given by Warwick (1967). 


RADIO EMISSION OF MARS 


There are very few radio observational data on this planet. The radio 
emission of Mars has been studied only in the 3-cm band. The first observa- 
tions (Mayer, McCullough and Sloanaker, 1958c) made with a 15 m 
parabolic aerial and a radiometer of comparatively low sensitivity showed 
that at the period of opposition the planet’s effective temperature at A = 
3:15 cm was Tig; = 218450°K. Further measurements of the effective 
temperature of Mars were made at the same wavelength 6 weeks after 
opposition (Rose, Bologna and Sloanaker, 1963a and 1963b). The more 
accurate value of Tg; of 211420°K obtained with a maser is about 35° 
less than the temperature of the illuminated part of Mars in infrared rays 
(see section 3). However, the measurement accuracies in the radio and 
infrared parts of the spectrum are such that this difference cannot for the 
time being considered the actual one since it is not outside the possible 
limits of observational error. 


RADIO EMISSION OF VENUS 


Results of measurementst of the effective temperature 7,9 related to 
the optical disk of Venus in the range of wavelengths from 4 mm to 40 cm 
are shown in Fig. 102a.t We note that the figure shows the values of 
T.r during observations made at different phase angles of Venus. There- 
fore the possible variations in T,,¢9 depending on the planet’s phase (i.e. 
on the extent that it is illuminated by the Sun’s rays) are not reflected 
here. Moreover, the observations of Venus are generally carried out not 
far from lower conjunction, so the possible differences in the value of the 
effective temperature caused by the latter’s phase dependence are compar- 
atively small (see below). 

The values of the spectral radio emission flux S, corresponding to these 


t Alsop, Giordmaine, Mayer and Townes (1959a and 1959b); Mayer, McCullough 
and Sloanaker (1958a and 1958b); Gibson and Corbett (1963); Kislyakov, Kuz’min 
and Salomonovich (1961 and 1962); Grant and Corbett (1962); Kuz’min and Salomo- 
novich (1960 and 1961); Gibson and McEwan (1959); Mayer, McCullough and Sloana- 
ker (1960); Lilley (1961); Drake (1962a); Vetukhnovskaya et al. (1963); Drake (1962c); 
Bibinova (1962). 

t For observations of the radio emission of Venus see also Roberts (1963, 1964) 
and Lynn, Meeks and Sohigian (1963). 
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Fic. 102. Values of effective temperature Teno, °K (a) and of radio emission 
flux Sy (b) of Venus in the millimetric and centimetric bands. The dotted 
line shows the most probable curve of Teng (A) and the most probable func- 
tion S,o(A). The notations are the same as in Fig. 100. The wavelengths 4 
are given in centimetres. Sources: 1—Alsop et al. (1959a and 1959b); Gibson 
and Corbett (1963); Mayer, McCullough and Sloanaker (1958a and 1958b); 
Kuz’min and Salomonovich (1960 and 1961); Gibson and McEwan (1959); 
Kislyakov, Kuz’min and Salomonovich (1961 and 1962); Grant and Corbett 
(1962); Kislyakov and Plechkov (1963); Staelin, Barrett and Kusse (1963); 
Drake (1962b) ; Bibinova et al. (1962); Drake (1962a); Mayer, McCullough and 
Sloanaker (1960); Lilley (1961); Drake (1963); Vetukhnovskaya et al. (1963). 
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T.g9 are shown in Fig. 102b. These values are calculated by a formula of 
the (4.15) type for the distance from the Earth to Venus at the period of 
lower conjunction (0-28 a.u.). 

It is clear from Fig. 102 that the values of the effective temperature of 
Venus in the radio band are systematically higher than the values in the 
infra-red band (about 233°K, see section 3), T,gg rising as one moves 
from the millimetric towards the centimetric wavelengths. In the 1 ~ 
1-5-21 cm range this value remains constant with an accuracy of up 
to the possible measurement errors: T.go ~ 600°K. This unexpected 
result, according to which the radio temperature is far higher than the 
temperature of the upper layer of clouds on Venus, was obtained in the 
very first observations of the planet at centimetric wavelengths (Mayer, 
Sloanaker and McCullough, 1958a and 1958b). 

This difference in temperatures indicates that the upper part of the plan- 
et’s cloud cover cannot be responsible for the creation of the observed 
radio emission: generally speaking, it comes either from the deeper-lying 
layers of Venus beneath the clouds or is generated in its outermost regions. 

In this connection it should be noted that, unlike Jupiter’s radio emis- 
sion, there is no noticeable linearly polarized component in the radio 
emission of Venus (Mayer, McCullough and Sloanaker, 1958a and 1958b), 
whilst the spectral flux of the emission is characterized by considerable 
constancy, unless we consider the slow variations in S,caused by the phase 
variation or connected with the change in the distance from the Earth 
to Venus.t The data given indicate that a radiation belt on Venus does 
not play such an important part in the creation of its radio emission as on 
Jupiter. A weighty argument for or against the generation of radio emission 
from Venus at great distances from its surface is provided by the data on the 
effective diameter of Venus at a wavelength of 3 cm obtained by Korol’kov 
et al. (1963) using the Pulkovo telescope. It follows from recordings during 
the planet’s passage through the aerial’s 1-2’ knife-edge beam that there 
is actually no radio emission at a distance of 1:07Ro from the centre of 
Venus’s disk. This means that the observed radio emission is generated 
in layers not more than about 420 km above the clouds, i.e. it is definitely 
not connected with the planet’s radiation belts. On the other hand, the 
radio emission of Venus cannot be connected with its ionosphere either 
(see section 34) and, in all probability, comes from the layers of the planet 
under the clouds which are not accessible to study by the methods of 
optical astronomy. In this case the high values for T,g9 in the centimetric 


t The presence of variations in Teng at 9-6 cm, which was reported by Kuz’min and 
Salomonovich (1960, 1961), is not confirmed (see Kellog and Sagan, 1962, p. 101). 
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band point to the high kinetic temperature of the lower layers of the plan- 
et’s atmosphere and surface. 

Experiments at 4 ~ 3 cm (Korol’kov et al., 1963), about which we 
have just spoken, also indicate the absence on Venus of brightening at 
the limb ; moreover, they point (very uncertainly, it is true)to a “darkening” 
effect towards the edge of the planet’s disk. Apparently more reliable 
results on the radio brightness distribution over the disk were obtained in 
measurements made by Barrett and Lilley (1963) with the space probe 
“Mariner II” at a wavelength of 1-9 cm. The observations were made at 
the period when the distance from the rocket to Venus was a little more 
than 4X104 km. Scanning of the disk of Venus with an aerial having 
a beam width of one-eighth of the planet’s diameter made it possible to 
state that T,,, which reaches 570°K +15% at the centre of the disk, 
decreases noticeably at the periphery. This is of great importance for the 
theory of Venus’s radio emission (see section 34). 

Whilst in the case of Jupiter it is largely the daytime hemisphere that 
faces the Earth, Venus passes successively through all phases from eclipsed 
to completely illuminated. Since we may expect, generally speaking, 
a noticeable difference in the effective radio temperatures of the night 
and day sides of Venus,t we are faced with the problem of investigating 
the phase dependence of T.ge. The presence of phase dependence can be 
concluded from all the radio observations that have been made. However, 
the insufficient accuracy and duration of the measurements prevent entirely 
definite quantitative conclusions from being drawn on the amplitude of 
the oscillations of T,şẹ, not to mention the phase shift of these oscilla- 
tions. This is because Venus’s radio emission can, as a rule, be reliably 
received only in a limited range of phase angles y: a long way from inferior 
conjunction recording and measurement of the radio emission are made 
difficult because of the reduction in the flux as Venus moves further from 
the Earth. In the majority of cases, however, even this range has been far 
from completely investigated. 

Preliminary data on the existence of the dependence of T,g9 on y at 
centimetric wavelengths (on the increase in the effective temperature as we 
move away from inferior conjunction) are given by Mayer, McCullough 
and Sloanaker (1958a, 1958b, 1960), Gibson and Corbett (1963), Bibinova 
et al. (1962); however, the range of » investigated was insufficient for an 
absolutely definite conclusion about the presence and nature of phase 


t It should be pointed out, moreover, that, judging from observations in infrared 
rays, no essential difference can be found between the temperatures of the illuminated 
and eclipsed parts of the disk of Venus and therefore there is no phase dependence of the 
temperature of the planet’s cloud cover averaged over the disk. 
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dependence. Mayer, McCullough and Sloanaker (McClain, 1962) made 
measurements of T,,9 at 2 = 3:15 cm in a very broad range of phase 
angles y = 62-234°,t obtaining a clear-cut phase dependence of the planet’s 
radio temperature. If we approximate the latter by a curve of the form 


Tesly) = Tg- +Tg~ cos (p—o), (20.1) 


then it turns out that the constant component of the temperature Tọ 
is approximately 630°K, whilst the amplitude of the variable part is Tp. = 
70-90°K; the angle Yo is about 12°. Therefore the radio temperature of 
the daytime hemisphere of Venus exceeds by 140—180° the corresponding 
value for the planet’s night-time hemisphere. 

Drake’s measurements (Drake, 1962a) at 4 = 10 cm at a period near 
inferior conjunction led to the conclusion that the phase dependence at 
these wavelengths is half as strong as at à ~ 3 cm; Tọ. = 629°K, To = 
39°K, Yo = 17°. The phase dependence obtained agrees within the 
limits of error with the results of measurements (Drake, 1962b) of the 
temperature of Venus near exterior conjunction (with y ~ 25° the radio 
temperature was 610 +55°K). 

A very important result of the observations at 3 and 10 cm which, of 
course, needs careful checking is the presence of the phase shift Yo ~ 
12-17°. This shift means that the minimum effective temperature is 
reached not precisely at inferior conjunction, when the eclipsed side of 
Venus can be seen from the Earth, but slightly later. 

A rise in the effective temperature as one moves away from inferior 
conjunction, which is outside the limits of possible measurement errors, 
has also been observed in the millimetric band at 2 ~ 8 mm (Kuz’min 
and Salomonovich, 1960 and 1961) and 2 ~ 4 mm (Kislyakov, Kuz’min 
and Salomonovich, 1961 and 1962; Grant and Corbett, 1962)). The results 
of studying the phase dependence of radio temperature of Venus at 4 mm 
are shown in Fig. 103. The width of the shaded band characterizes the 
possible relative errors between the individual measurements at the time 
of the observations. Because of the absolute error of the observations, 
which is about 30%, this band may shift upwards or downwards on the 
graph by this value. The curve of the phase dependence 7.9 (Y) is located 
within the shaded band, the most probable dependence of T.g9 on the 
phase of Venus being in the middle of this band.+ 


+ The angle y is here taken as 0° at upper and 180° at lower conjunction. 

t The results of Copeland and Tyler’s measurements (1962) are also in favour of 
phase dependence at 8 mm. However, judging from these experiments, the phase de- 
pendence at 8 mm is far more weakly defined than was indicated by Kuz’min and 
Salomonovich (1960 and 1961). 
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The presence of the phase dependence of T.g9 is an argument against 
a small period of rotation for Venus (if the radio emission is connected 
with the layers of the planet beneath the clouds). With rapid rotation 
the temperature conditions of the lower atmosphere and the surface cannot 
change in the transition from day to night so much as to cause a noticeable 
change in the value of T,şẹ. On the other hand, the period of rotation of 
Venus may not be the same as the orbital period, since in this case there 
would be no phase shift yo in the phase dependence of the radio tempera- 
ture at centimetric wavelengths. This shift can obviously be connected with 
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Fic. 103. Phase dependence of effective temperature of Venus from observa- 
tions at a wavelength of A = 4 mm (Grant and Corbett, 1962). 


the thermal inertia of the layers of Venus which are responsible for the 
observed radio emission; this inertia consists of slow heating of the 
effectively emitting layers during the day and slow cooling at night. 
(The situation here is analogous to that obtaining on the Moon where 
the phase shift of the radio emission is due to the same reasons.) 

Furthermore, it is easy to see that the sign of the angle yo can be used 
to judge direction of the planet’s rotation. For example, the lag of the 
minimum 7.9 in the experiments (McClain, 1962; Drake, 1962a), of 
which we have spoken above, indicates reverse rotation of Venus, i.e. 
rotation about its axis in the opposite direction to the rotation of the other 
planets. If this result is confirmed it will obviously be of great importance 
in solving the question of the origin of the solar system. In this case we 
note that the conclusion about the reverse rotation at least does not 
contradict the data on radar sounding of Venus (W. B. Smith, 1963). For 
radio astronomy methods of determining the period and direction of 
Venus’s rotation see also Kuz’min and Salomonovich (1963). 


282 


§ 21] Radio Emission of the Moon 


RADIO EMISSION OF MERCURY 


At present there is only one series of measurements of Mercury’s radio 
emission made at 4 = 3-45 cm and å = 3-75 cm with a 28-m diameter 
aerial (using a maser at the first wavelength) (Howard, Barrett and Had- 
dock, 1961 and 1962). The effective temperature reduced to the planet’s 
disk averaged 400°K. During the measurements Mercury was in elongation 
so that its disk was not completely illuminated by the Sun. If we neglect 
the contribution to the radio emission from the unilluminated side of the 
planet and assume that the distribution of the effective temperature 
Teg over the illuminated side is subject to the law Tyg = To cos”*p 
(where To is the effective temperature at the point beneath the Sun, g is the 
zenith angle of the Sun at a given point on the surface of Mercury), then 
the value of To is 1100+300°K. In the case of even distribution of Tug 
over the daylight side of the planet this value should be reduced by about 
30%. Allowing for the low accuracy of the radio observations, we can 
take into account that the value obtained for T,g does not diverge from 
the results of measurements of Mercury’s temperature in infra-red rays 
(610°; see section 3), although it is possible (Roberts, 1963 and 1964) that 
it is systematically higher than the infrared temperature. 

In conclusion we shall say that in the sections dealing with the contin- 
uous radio emission of Jupiter, Mars and Venus we discussed emission 
having a broad frequency spectrum. At the same time in the composition 
of the emission from these planets there are undoubtedly also monochromat- 
ic lines which owe their appearance to electron transitions in molecules 
of the gases making up the planetary atmospheres. The question of the 
expected line intensities on Venus and the possibilities of finding them are 
discussed in section 34. 


21. Radio Emission of the Moon 


PRELIMINARY REMARKS 


Investigations of the Moon’s radio emission are being carried on at 
present over a broad range of wavelengths from 1-5 mm to 1-5 m. The data 
obtained here together with the results of measuring the lunar radiation 
in the infrared part of the spectrum are playing an important part in the 
study of the properties of the Moon’s upper layers. According to present- 
day ideas, the infrared emission is connected with a very thin layer on the 
surface of the Moon, whilst the longer radio wavelengths come from a far 
thicker layer of lunar rock. Thanks to this study of the nature of the Moon’s 
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radio emission we can judge the temperature conditions and also the ther- 
mal conductivity and electrical conductivity of the upper layers of the 
Moon; a comparison of these characteristics with the corresponding values 
for terrestrial rock makes it possible to draw certain conclusions on the 
composition and structure of the lunar surface (see section 35). Apart 
from being of general importance to astrophysics, the information obtained 
is of particular value in connection with the problem of delivering scientific 
apparatus onto the Moon and the lunar landing of space vehicles: here 
the question of the properties of the Moon’s surface layers becomes a 
major one. 

Both infrared techniques (Sinton, 1955 and 1956) (A ~ 1-5 mm) and 
electronic methods of investigation (Fedoseyev (1963) at A = 1-3 mm, and 
Naumov (1963) at 2 = 1-8 mm) are used for picking up the Moon’s 
radio emission at the lower end of the millimetric band. At longer wave- 
lengths infrared techniques give way to electronic methods of investiga- 
tion. 

Since the effective temperature T,ş of the Moon’s radio emission is non- 
zero only within the limits of the lunar disk, the aerial temperature T, 
(4.6) in our case will be of the form 


J TenF dQ 
Ta =A 


ano oe (21.1) 
[ra 
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where 2, is the solid angle subtended by the Moon’s disk. Having meas- 
ured the value of T, we can find as a result the value of the Moon’s radio 
temperature averaged over the aerial beam: 


J TeaF dQ 
24 


Tr ox (21 .2) 


JER 


If we compare the expressions (21.1) and (21.2) it is easy to see that Tp is 
connected with T, by the relation 


(21.3) 


To change from T4 to Tp we must precisely know the polar diagram F(Q) 
not only within the main lobe but also in the region of the rear and side 
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lobes, since the latter’s contribution to the value of the integral f F dQ is 
ån 
tens of percent for parabolic aerials. This circumstance has been fully 


recognized and only in recent years has begun to be used when processing 
observations. It was not taken into consideration in the majority of early 
papers, which was a source of considerable systematic errors, leading to 
values of Tp that were too low. 

The radio temperature will obviously depend not only on the nature 
of the distribution of T,, over the lunar disk but also on the nature of 
the beam and the position of the aerial axis relative to the disk. If, however, 
the width of the main lobe of the beam is such that the emission is chiefly 
received in the solid angle 2, <<2,, then in accordance with (21.2) 
Tr ~ Tlo), where 92o is the direction of the aerial axis. In particular 
the temperature Tp averaged over the beam is the same as the effective 
temperature of the centre of the lunar disk T,,(0) if the axis of the aerial 
is pointing towards it. It should be noted that the equality T; ~ T.,(0) 
is satisfied even with the less rigid condition 2, < Q,, since (as follows 
from what we shall be saying later) the distribution of the radio brightness 
Tg over the Moon’s disk is fairly uniform: T, noticeably decreases only 
in the immediate vicinity of the limb, at a distance of 2-3’ from it (with 
an angular diameter of the Moon of 31’). In the other extreme case, when 
Q, > Qot Tz is equal to the effective temperature related to the Moon’s 
optical disk 

Tene = Q7? Í Teg dQ (see (21.2)). 
{í 


Moreover, owing to the quasiuniform distribution of T,, over the lunar 
disk the values of Tæ; differ but little from T g(0), being slightly less than 
the latter. 


FREQUENCY SPECTRUM AND PHASE DEPENDENCE OF THE MOON’S RADIO 
EMISSION 

The first observations of the Moon in the radio band (A = 1:25 cm) 
made by Dicke and Beringer (1946) gave a value for Tp of 270°K (allowing 
for a correction (Piddington and Minnett, 1949b)). Later the value of 
Tp was determined more accurately by Piddington and Minnett (1948, 
1949b), who observed the Moon’s radio emission at the same wavelength 
with an aerial whose beam width (45’) considerably exceeded the angular 
size of the lunar disk. According to Piddington and Minnett (1949b) the 
mean temperature during lunation was Tg, ~ Tr = 21510°K. In the 


t It is this situation that obtains in observations from the Earth of the continuous 
radio emission of planets because of the very small angular sizes of the latter. 
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course of the measurements they also found a clear-cut phase dependence 
of the lunar radio temperature, which can be approximated well by a 
function of the form 


Tr = Tr-—Tr7 cos (y— yo), (21.4) 


where y = œ;t is the lunar phase. The amplitude of the variation in the 
radio temperature Tp ~ is 36°K and the phase shift is 45°. The value of 
the constant component T;_ is given above. 

Therefore, judging from the observations at A = 1:25 cm, the variation 
of the radio temperature of the Moon lags noticeably in phase behind the 
similar dependence in the infra-red part of the spectrum, where yo = 0 for 
the Moon’s mean temperature over the disk. From the point of view of 
modern ideas on the thermal nature of the Moon’s radio emission, accord- 
ing to which the effective temperature T,, is determined by the temperature 
of the layers of the Moon from which the observed radio emission comes 
(section 35), this is quite natural since a definite time is required for heating 
the sub-surface layers of the Moon by the Sun’s rays and cooling by radia- 
tion. For a phase shift of yo = 45° it is one-eighth of a lunar day. It will 
become clear from what follows that Piddington and Minnett’s results are 
in close agreement with the data of present-day observations of the Moon’s 
radio emission. 

Figures 104-6 show the results of all the measurements we know of the 
quantities T,_, Tp, and wo. The light circles in the figures denote data 
obtained with narrow-beam aerials (Q, < 2,); herethe values of T;_, 
Tr. and po characterize the magnitude and variation in time of the effective 
temperature of the central part of the lunar disk. The dark circles, on the 
other hand, correspond to measurements with relatively broad beams 
(Q, > Q,) providing information on the effective temperature Tyg, 
averaged over the disk. Figure 104 shows the observed values of Tp time- 
averaged for the lunation (i.e. the quantity 7;,_) in the range of wavelengths 
from 1:3 mm to 1-68 m. 

The vertical lines characterize the possible absolute measurement 
errors indicated by the observers themselves. The ratios of the ampli- 
tude of the phase dependence of the radio temperature T,;_ to its 
constant component T;_ are plotted in Fig. 105. The measurement 
errors noted here are determined by the magnitude of the relative error 
characterizing the dispersion of the experimental values of 7, throughout 
the whole cycle of observations. Lastly, Fig. 106 gives an idea on the values 
of the phase shift yo and the possible error in its measurements. 

The reservation made above about the errors of measurement of Tp- 
indicated by the observers themselves is not a chance one. The point is that 
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in a number of cases the accuracy of the experiment is far lower than that 
shown in Fig. 104a because of the systematic errors occurring in the obser- 
vations. This is chiefly true of the low values for the constant component of 
the radio temperature of 7;_ < 200°K obtained (Hagen (1949); Report 
U.S. Commission V URSI (1960); Salomonovich (1958); Gibson (1958); 
Salomonovich and Koshchenko (1961; Troitskii and Zelinskaya (1955); 
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Fic. 105. Ratio of amplitude of phase Fic. 106. Phase shift yọ between 
dependence Tp~ of the Moon to its variations in the Moon’s illumina- 
constant component Tpz- in the radio tion and its radio temperature. The 
band. Sources: see Fig. 104. accuracy of the measurements is 
generally +5-10°. Sources: see Fig. 
104. 


Kaidanovskii, Turusbekov and Khaikin (1956); Zelinskaya and Troitskii, 
(1956); Seeger, Westerhout and Conway (1957) apparently because of 
neglect or insufficiently accurate allowance being made for the effect 
of the side and rear lobes of the polar diagrams when changing from the 
aerial temperature 7, to the Moon’s radio temperature Tp; see (21.3)). 
If we eliminate these data and also the clearly erroneous result of Akabane 
(1955) at A = 10 cm (Tp ~ 315°K), then it follows from all the rest (the 
later) of the measurements shown in Fig. 104a that the constant component 
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of the Moon’s radio temperature over the whole range of wavelengths 
investigated is between 200° and 250°K, mostly between 215° and 230°K 
both for the central part of the Moon and the effective temperature aver- 
aged over the disk. 

Particular note should be taken of the measurements made by Troitskii 
and his collaborators at wavelengths of 0:4-50 cm with an absolute error 
of £2-3% (whilst usually the accuracy of absolute radio astronomy meas- 
urements is no better than 10%); the values of 7,_ they obtained are 
plotted in a separate graph (Fig. 104b). The increase in accuracy here was 
achieved thanks to a new method of calibrating the apparatus consisting 
of using an “artificial Moon” as a radio-emission standard. Since with this 
method it is not necessary to determine the parameters of the aerial array 
(the nature of its polar diagram), the main source of errors in the measure- 
ments connected with allowing for the effect of the rear and side lobes (see 
section 4) is eliminated. 

In Fig. 104b the curve shows the most probable frequency spectrum 
of the constant component of the lunar radio emission plotted from the 
data of higher-accuracy measurements. This spectrum characterizes the 
effective temperature T=- averaged over the disk as a function of the 
wavelength A, since all these measurements were made with beams whose 
width was greater than the angular size of the Moon. It follows from the 
data shown in the figure that in the range of wavelengths from 4 mm to 
50 cm the value of Tp- ~ Tæ; does not remain constant: it increases 
with A, the temperature difference at the edges of this range being about 
37°. The latter, as will be shown in section 35, makes it possible to estimate 
the heat flux from the Moon’s core and from its value to estimate the 
thermal conditions of the internal layers and the thermal history of the 
Moon. 

The following can be said about the phase dependence of the Moon’s 
radio temperature. 

Generally the observed function 7,(y) can be approximated quite accu- 
rately by a function of the form of (21.4). This can be checked by the 
example in Fig. 107 which shows the function 7;,(y) in the millimetric band 
(Kislyakov, 1961b).? It is difficult to give a definite answer here to the 


+ This can easily be checked by examining Fig. 104 (and also Figs. 100 and 102 in 
section 20). We would also point out that the measurement accuracy indicated by 
Baldwin (1961) for Teng at A = 1-5 m (+3-5%) is too high, since the error in the 
magnitude of the background galactic radio emission, with which the Moon’s radio 
emission was compared, is of the order of 10% (Troitskii, 1962c). 

t The reliability of the observations in Kislyakov (1961b) can be judged from the 
excellent agreement of the results of the latter with the data of three single measurements 
made independently of the lunar radio temperature (Coates, 1961) (see Fig. 107). 
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question of the relative content of the higher harmonic components in the 
curve of 7,(y) because of the considerable dispersion of the experimental 
points used to plot the averaged function T,(y); however, the deviations 
of the phase dependence Tp from the law (21.4) have been noted in a num- 
ber of papers (see, e.g., Kislyakov, 1961c; Report U.S. Commission V 
URSI, 1960; Salomonovich, 1958; Gibson, 1958). The amplitudes of the 
second and third harmonics in the function 7,(y) shown in Fig. 107 


TeK 
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180 O p degrees 


Fic. 107. Radio temperature Tp as a function of the phases of the Moon at 
A= 4mm (Kislyakov, 1961b). The asterisks indicate the values obtained by 
Coates (1961). 


do not exceed 10% of the amplitude of the fundamental oscillation. Later 
observations (Tyler and Copeland, 1961) made it possible to establish 
that the content of the second and third harmonics in the phase dependence 
of the T,g of the central part of the lunar disk reaches 7% and 4% respec- 
tively of the value of the constant component 7... As we move away from 
the centre of the disk (along the equator) the amplitudes of the higher 
harmonics gradually decrease. At a wavelength of 8 mm (to judge from 
the data of Report U.S. Commission V URSI (1960) ; and Gibson (1958)) the 
asymmetry is greater: the maximum 7; is reached 4 days after full moon, 
whilst the minimum occurs near the new moon. At the same time other 
observers (Salomonovich and Losovskii, 1962) have not found such a 
distinct asymmetry of 7,(y) in the 8-mm band. 

The most probable curve for the ratio T,_/T;_ as a function of the 
wavelength A is shown in Fig. 105. The amplitude of the change in the 
radio temperature in the course of a lunation steadily decreases as A rises. 
Ata ~ 4mm the ratio Ty, /Tp- is about 30% ; in the 3-cm band it decreases 
to 7% and at wavelengths of A ~ 10 cm to 3%. In the last case the low 
amplitude values of 7; make it very difficult to study the phase depend- 
ence of the radio temperature, imposing rigid requirements on the oper- 
ating stability and calibration accuracy of the receiving equipment. 
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At A ~ 10 cm the features of the phase dependence have been studied 
by Medd and Broten (1961) and Krotikov (1962); a variable component 
Ty) with an amplitude of the same order as in Krotikov, (1962), Medd 
and Broten (1961) is noted by Waak (1961).t There is no information 
yet on the magnitude of the phase dependence at longer wavelengths, 
unless we consider the preliminary report of Waak (1961), according to 
which the ratio T,_/T,_ at 2 = 20 cm is 2-5% (i.e. comparable with the 
corresponding ratio at à ~ 10 cm). This result requires further checking. 

The observed decrease in the amplitude of the phase dependence of 
the Moon’s radio temperature is quite natural from the point of view of 
the theory of the Moon’s radio emission (section 35). This decrease is 
connected with the low thermal conductivity of the lunar rocks and is due 
to the fact that the deeper lying layers that are responsible for the emission 
of the longer wavelengths cool down less during the lunar night and do 
not have time to heat up strongly during the lunar day. 

The slow heating of the sub-surface layers of the Moon by the Sun’s 
rays and their cooling after sunset also explains both the considerable 
phase shift yo between the illumination of the lunar surface and the infra- 
red temperature of the latter on the one hand, and the radio temperature 
on the other. This shift, as follows from Fig. 106, increases as we move 
away from the infrared part of the spectrum (move from millimetric to 
centimetric wavelengths): if at A ~ 1-3-1-8 mm Yo is about 14-16°, then 
by 2 ~ 0-8-10 cm it goes up to 40-50°.t It is possible, moregver, that at 
the beginning of this range of wavelengths the shift is slightly less: 30-35°. 

As well as investigating the oscillations in the Moon’s radio temperature 
as there is a slow change in the extent of its illumination during a lunation, 
there is also interest in studying the variations of the quantity Tp with a 
more rapid (over a few hours) variation in the illumination during lunar 
eclipses. It might be expected that these variations will be far less than Tp., 
since during the rapid change in illumination the thermal inertia of the 
Moon’s upper layers will have a stronger effect. This obviously explains 
the lack of success in the majority of attempts to find and measure eclipse 
variations of Tp at wavelengths of 0-75-23 cm (Gibson, 1958; Kaidan- 
ovskii, Turusbekov and Khaikin, 1956; Castelli, Ferioli and Aarons, 1960; 
Mezger and Strassl, 1959; Mitchell and Whitehurst, 1958; Gibson, 1961). 


+ The result of Akabane (1955), according to which at wavelengths of A ~ 10 cm 
the ratio Tr~/Tra is 0-24, is obviously erroneous: it would be easy to find such a 
strong phase dependence in this band. 

t Exceptions in this respect are the observations of Dmitrenko et al. (1964) at 
A = 1-63 cm and Bondar’ et al. (1962) at A = 3-2 cm, according to which pọ is 8-18° 
and 15—26° respectively. Although the accuracy of the phase shift determination is low 
these data obviously disagree with the results of other observations. 
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All that can be said now is that the drop in the Moon’s radio temperature 
during an eclipse is not more than 2:5% at wavelengths of 10 and 23 cm 
(Castelli, Ferioli and Aarons, 1960) and 1% at a wavelength of 8-6 mm 
(Gibson, 1961); the latter, however, does not agree with the data of Tyler 
and Copeland (1961), according to which the “cooling” of the Moon at 

= 8-6 mm is about 10%. At shorter wavelengths there are only the 
observations of Sinton (Sinton, 1956) in a broad band near A = 1-5 mm, 
according to which an hour after totality the radio temperature T.,(0) of 
the central part of the lunar disk falls from ~ 300°K to a minimum value 
of about 160°K. We notice that the lunar temperature measured in the 
infrared part of the spectrum during an eclipse also changes by a factor 
of about 2. 

The rapid drop in the temperature of the Moon at wavelengths less 
than or of the order of a millimetre can be explained by the low thermal 
conductivity of the surface layer which is responsible for the emission in 
this range. Therefore the intense cooling of the eclipsed surface is not 
compensated by a flow of heat from the deeper layers of the Moon. At 
the same time the low thermal conductivity prevents cooling of the deep- 
lying layers from which the radio emission at the longer wavelengths 
comes; this is the cause of the decrease in the eclipse variations of Tp as 
A rises. 

It is clear from what we have been saying above that the millimetric 
wavelengths are the most favourable for carrying out investigations to 
find eclipse variations in the radio temperature; it is apparently quite 
possible to measure these variations at wavelengths of 2 ~ 4 mm. 


RADIO BRIGHTNESS DISTRIBUTION OVER THE LUNAR DISK 

The unequal illumination of the day and night sides of the Moon disturbs 
the central symmetry of the radio brightness distribution over the lunar 
disk, leading in particular to periodic displacements of the effective centre 
of the radio emission in the process of lunations. The coordinates of this 
centre, by definition, are: 
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Here 6 and £ are an orthogonal system of angular coordinates in the sky 
with its origin at the centre of the lunar disk. In practice 0, and £; can be 
found, for example by scanning the Moon with an aerial with a “knife-edge” 
beam that gives a one-dimensional distribution of the radio brightness over 
the disk. For example, when scanning along @ with an aerial whose beam 
width in 6 is much less and in € is much greater than the angular size of the 
lunar disk the aerial temperature T, will be proportional to f T.g(0, E) dé. 
Having obtained the function 7,(6) we use the formula (21.5) to find the 
coordinate 6,. The centre of radio emission can also be found with a narrow- 
beam aerial (Q, < 2,), for which T, ~ T,_(6, £). We note that in the latter 
case the radio brightness distribution along the scanning line is obtained 
at the radiometer output in one scan over the disk; this makes it possible 
to determine the centre of radio emission along such a line. 
It must be pointed out that when studying the variation of T,ẹ during 
a lunation measurement of the shift of the effective centre of radio emission 
has definite advantages over measurement of the Moon’s radio temperature 
Tp averaged over the beam. The first needs no absolute calibration of the 
equipment, which is the main source of errors in measurements of T;; 
equipment stability requirements are also far lower in the first case since 
it is only necessary for the amplification factor to be constant for one or 
a few scans to measure the displacement of 6,. At the same time measure- 
ments of 6,, & are possible only if we have highly directional aerials 
(much less than the angular diameter of the Moon if only in one direction), 
whilst such high directivity is not necessary for studying the function 7,(y). 
The first attempt (Kaidanovskii, Turusbekov and Khaikin, 1956) to 
find the displacement of the effective centre of the Moon’s radio emission 
at a wavelength of 3-2 cm proved unsuccessful because of the low directivity 
of the receiving aerial (about 30’), which made it impossible to record any 
shift 6, =< 0-5’. Noticeable asymmetry in the equatorial distribution of 
the radio brightness was found by Gibson (1958) at 2 = 8-6 mm when 
scanning the Moon with an aerial having a narrower beam (about 12’). 
The success of the observations was also helped by the fact that the varia- 
tions in 7,, during a lunation are far greater at millimetric wavelengths 
than in the centimetric band. In the centimetric band (at a wavelength of 
2:3 cm) the displacement of the effective radio emission centre has been 
investigated by Kaidanovskii et al. (1961) in observations with an aerial 
having a “knife-edge” beam about 2’ wide in the horizontal and 20-60’ 
in the vertical direction. The function they obtained for the displacement 
of the effective centre in the direction at right angles to the line of the 
horns can be approximated by the sine curve 
6, ~= 0',17 sin (y—35°), (21.6) 
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where the value of the maximum displacement is determined with an accu- 
racy of +30%. 

The development of aerial techniques, and in particular the design of 
parabolic aerials with high resolution, has made it possible to study in 
greater detail the nature of the distribution of the effective temperature 


T.g over the lunar disk and its variation during the lunar day. 





Fic. 109. Radio isophots of the Moon at 4 = 3-2 em (Koshchenko, Losovskii 
and Salomonovich, 1961): (a) y = 168°, (b) y = 194°, (c) y = 230°, (d) 
y = 262°. Values of Ten are in °K 


Two-dimensional distributions of Tẹ in the centimetric band were 
obtained at A = 2 cm (Salomonovich and Koshchenko, 1961) and 4 = 3-2cm 
(Koshchenko, Losovskii and Salomonovich, 1961) by successive azi- 
muth scans of the Moon at different angles of aerial elevation. The meas- 
urements at a wavelength of 2 cm were made with a narrow-beam aerial 
(beam width about 4’); the resolution of the aerials at 3-2 cm was lower 
(about 6-7’). Similar distributions were obtained at millimetric wavelengths 
by Coates (1961) (A = 4-3 mm, 6’ beam) and Salomonovich and Losovskii 
(1962) (A = 8 mm, 2’ beam). The Moon’s radio isophots are shown in 
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Figs. 108 and 109; the shaded areas in the figures correspond to the parts 
of the disk that were not illuminated by the Sun during the observations. 

The form of the radio isophots for different values of the Moon’s phase 
indicates that the area of maximum 7,, is in the equatorial belt and moves 
over the disk behind the point beneath the Sun, lagging systematically 
behind it. The radio brightness distribution (in accordance with the data 
given above on the displacement of the effective centre of radio emission) 
becomes more asymmetrical soon after the first and last quarters of the 
Moon. At this time the radio brightness maximum displays its maximum 
displacement relative to the centre of the disk in the east-west direction. 

The elliptical nature of the isophots at 3-2 cm (Fig. 109) indicates that 
the Moon’s radio temperature decreases as we move from the equatorial 
to the polar regions. This feature also obtains at the shorter wavelengths 
(Fig. 108) although in the latter case deviations of the radio isophots from 
the right form become noticeable. 

A comparison of the isophots at 2 = 4-3 mm (Fig. 108a) with a photo- 
graph of the lunar disk gives certain indications that the dark plains (“ma- 
ria”) have a slightly higher radio temperature than the light-coloured hilly 
areas (“continents”). This difference becomes less noticeable with large 
phases corresponding to longer illumination of the “maria” and “conti- 
nents” by the Sun (Fig. 108b). In the case of Fig. 108c the Mare Tranquilli- 
tatis in the part of the disk in shadow has a lower radio temperature than 
the surrounding regions, whils the “maria” illuminated by the Sun preserve 
enhanced T,, values. It may be concluded from what has been said that 
the sub-surface layers of the lunar “maria” are heated by the Sun during 
the day and are cooled at night more rapidly than the “continents”. This 
effect is apparently connected with the difference in the absorptive and 
emissive capacities of the dark and light-coloured regions or with the 
difference in their thermal conductivity. 

The results of Coates (1961), according to which the distribution of the 
radio brightness over the lunar disk is determined not only by the condi- 
tions of its illumination by the Sun’s rays but also by the visible features 
of the lunar surface, are not unexpected. There is little probability that the 
electrical and thermal properties of the upper layers of the lunar surface 
are the same everywhere; this is obviously also reflected in the form of 
the radio isophots in the millimetric band (and also at a wavelength of 
A = 2 cm). The more regular nature of the radio isophots at A = 3-2 cm 
indicates that the distribution of the parameters of the lunar rocks in the 
layers from which the 3-cm band radio emission comes is more uniform 
than in the layers above that are responsible for the shorter wavelength 
emission. 
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The reservation must be made, however, that the two-dimensional 
distributions at the wavelengths of 4-3 mm and 3-2 cm are a very rough 
approximation of the truth since they were obtained with aerials of com- 
paratively poor directivity. Therefore the conclusions drawn above about 
the connection of the radio emission in the millimetric band with the 
structural features of the lunar surface and the absence of any connection 
at wavelengths around 3 cm are uncertain and need further checking 
with aerials having higher resolution. 

Such a check in the millimetric band (at 4 and 8 mm) has been made by 
Kislyakov, Losovskii and Salomonovich (1963). An analysis of meridian 
recordings of the Moon’s radio emission obtained with a resolution of 
2-3’ made it possible to find a systematic difference in the effective tempera- 
tures of the “maria” and the “continents”, which can also be found in 
infra-red observations (Geoffrion, Korner and Sinton, 1961). At the same 
time recordings of the T,ş distributions along the lunar equator showed 
no connection between the radio emission and optical details, probably 
because the equatorial part of the lunar disk is poor in optical contrasts 
(the greater part of the equatorial belt is filled with “maria”) (Kislyakov, 
Losovskii and Salomonovich, 1963; Kislyakov and Salomonovich, 1963). 

In conclusion we note that, as follows from the theory of the Moon’s 
radio emission, the latter should be linearly polarized with a degree of 
polarization of up to several per cent. This polarization has actually been 
observed recently at a wavelength of A = 3-2 cm in the process of scanning 
the lunar disk with an aerial having a knife-edge beam (Soboleva, 1962). 
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CHAPTER VI 


Propagation of Electromagnetic 
Waves in the Solar Corona 





Wir this chapter we shall start a systematic exposition of the theory of 
the radio emission of the Sun and the planets. The central problem here 
is the question of the origin of the radio emission, i.e. the question of the 
actual generation “mechanisms” and the explanation of their action. At the 
same time a very significant part is played by the problem of the propa- 
gation of electromagnetic waves in the atmospheres of the Sun and the 
planets and the variation in the radio emission characteristics connected 
with this process. 

Since matter is strongly ionized in the emission sources (the solar corona, 
Jupiter’s ionosphere, etc.), i.e. is in a plasma state, it is quite natural that 
present-day ideas on the origin and propagation of the radio emission of 
the Sun and planets is essentially based on plasma physics and above all 
on the theory of the generation, propagation and absorption of electro- 
magnetic waves in this medium. The very extensive range of problems in 
this sphere have not yet been reflected in monographs and are scattered 
through numerous articles in journals. Here we have in mind chiefly such 
questions as the escape of the radio emission from the plasma, the scatter- 
ing of plasma waves, the generation of electromagnetic waves by individual 
particles and by the particles collectively in an equilibrium and a non-equilib- 
rium plasma. It must be pointed out that under cosmic conditions all these 
problems (just like the propagation of waves in a uniform and a regularly 
non-uniform equilibrium plasmaas treated by Ginzburg (1960)) have their 
own specific features determined by the way the problems are stated and 
the magnitude of the characteristic parameters. This is why it is best to pre- 
cede Chapters VIII-X, which discuss the possible mechanisms and explain 
the properties of the different components of the radio emission ‘of the 
Sun and the planets, by two chapters devoted to a detailed study of 
the generation, propagation, amplification and absorption of electro- 
magnetic waves in the cosmic plasma. Most attention is paid here to 
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the corona as being the main source of the solar radio emission (which 
justifies the title of these chapters); however, many results are of more 
general interest and will be used when discussing the theory of planetary 
radio emission. 


22, Propagation of Electromagnetic Waves in an Isotropic Coronal 
Plasma (Approximation of Geometrical Optics) 


QUASI-HYDRODYNAMIC METHOD AND APPROXIMATION OF GEOMETRICAL 
OPTICS 


When studying electromagnetic waves in a plasma we proceed from the 
Maxwell equations for the electrical (E) and magnetic (H) fields: 


4x. 1 OE 1 0H 
curl cs Sasa be wee curl E=—— > (22.1) 
div E = 4zo, div H = 0. 


(c is the velocity of light in a vacuum). The electromagnetic properties of 
a plasma depend on the nature of the connection of the density of the total 
current j and the density of the electric charge ọ with the fields E and H. 
The completeness and accuracy of the description of the electrical processes 
in the plasma depend to a considerable extent on how accurately this 
connection is determined. If we limit ourselves for the meantime to 
studying an equilibrium? plasma, then, with a few exceptions which will 
be specially noted in sections 26 and 27, the connection between the 
current j and the charge 9, on the one hand, and the fields E and H, on 
the other, can be obtained with sufficient accuracy for our purposes by 
means of the so-called “quasi-hydrodynamic method”, which is based on 
the concept of the electron and ion components of the plasma in the form 
of “fluids” that penetrate each other and interact with each other via the 
electromagnetic fields E and H.t 
Within the framework of this method the electron and ion components 
are separately subject to the equations of hydrodynamics—the Euler 
equation and the continuity equation. For the electron “fluid” they can 
be written as follows: 
avo =-2F_* (z+ #1) 
(22.2) 


ON ; 
—— +div (NV) = 0, 
or 
t In the sense of the velocity distribution of the plasma particles in the absense of 
electromagnetic waves. 
ł For this method see also Ginzburg (1960b, section 13). 
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where V is the velocity of the electron component, N is the concentration 
of the electrons in the plasma, e and m are the absolute values of the charge 
and mass of the electron, p = NxT is the electron pressure (x is the Boltz- 
mann constant and T the kinetic temperature).t The quantities j and 0 
which figure in the Maxwell equations (22.1) can be expressed in terms 
of the concentrations N, N, and velocities V, V, of the electrons and ions 


as follows :t 
j= —eNV+eNiWV;, o =—eNteNj. (22.3) 


We note that in the right-hand side of the equations (22.2) another 
term ¥._¢(V;—V) is generally added, where »., is the effective frequency 
of collisions of electrons with ions. The introduction of the electron pres- 
sure p and the number of collisions v, allows for the presence of thermal 
motion in the plasma, although not entirely logically. In sections 22-25 
the effect of collisions on the process of electromagnetic wave propagation 
is for the most part neglected, with the exception of a few cases for which 
special reservations are made; the part played by collisions in the absorp- 
tion and emission of electromagnetic waves will be discussed in section 26. 

Equations similar to (22.2) also hold for the ions. We shall not start to 
write them out since the motion of heavy ions under the action of rapidly 
varying (high-frequency) fields is generally insignificant when compared 
with the motion of the light electrons. It follows from this that when 
studying the propagation of high-frequency electromagnetic waves in a 
plasma we can assume that the motion of the ions is given and independent 
of the fields of these waves: 


N; = NR), Vi = VAR) 


(here R is a radius vector). The necessity of equations for the ions is thus 
eliminated although they are, of course, necessary for finding the stationary 
distribution of the ion concentrations N,(R) and the velocities V(R). It is 
generally also assumed that the kinetic temperature has no rapidly varying 


t The relation p = NxT is valid only for ideal gases, among which we can include the 
electron component, and all the plasma as a whole if the mean energy of interaction 
between the particles e?/r~ e?N/9 is small when compared with the mean kinetic energy 
of these particles 2y;, ~ xT (here r is the average distance between the closest particles): 
N—'8T > e?/x~ 10-4 degree cm. This inequality is well satisfied under cosmic con- 
ditions. 

At the same time the equations of motion written in the form (22.2) are valid only 
in the case of non-relativistic velocities, when V?/c?«1, V2,/c? < 1 (Vin = a/ xT /m is 
the thermal velocity of the plasma electrons). 

} It is assumed in (22.3) that the ions have a charge +e. The effect of multiply ionized 
atoms and negative ions under cosmic conditions, as a rule, can be neglected because of 
the low concentration of the latter when compared with particles that have been ionized 
once. 
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part, i.e. the propagation of electromagnetic waves in a plasma is an 
isothermal process.t 

In the absence of rapidly varying processes, when the equations (22.1), 
(22.2) describe only stationary or quasi-stationary phenomena, consider- 
able deviations of the electron concentration N from the corresponding 
value of N; for the ions are impossible. The point is that thanks to the high 
mobility of the electrons the appearance in the cosmic plasma of Coulomb 
fields connected with the charge 9 = —e(N—N,) causes displacement of the 
electrons which reduces the difference N—N, and compensates for the 
charge which appears. This kind of compensation occurs at distances of the 
order of the so-called Debye radius D = (xT/42e2N)*”; therefore in the case 
that the ion concentration N(R) varies only a little over the range D the 
‘“‘quasi-neutrality” condition Næ N,(R) is found in the plasma. In the cosmic 
plasma the latter condition is satisfied with great accuracy since the value 
of D is very small here: for example in the solar corona it is of the order of 
only 1 cm. As well as the “quasi-neutrality” condition, which means that 
the charge density ọ « eN,, in the cosmic plasma because of its high 
self-induction and mobility the condition of equality of the electron and 
ion fluxes NV ~ N,V, is also well satisfied. We notice, by the way, that the 
approximate relation V ~ V, follows from this and from the condition 
N = N;. 

Rapidly varying wave processes disturb these relations; however, the 
time- or space-averaged values of N and F (we shall denote them by No and 
Vo) remain as before close to the values of N, and V;: 

No y N; Vo x Vi. (22.4) 
Here the precise values of No, Vo and the stationary values of the electric 
(Eo) and magnetic (Ho) fields can be found from the Maxwell equations 
(22.1) and the hydrodynamic equations (22.2), which take the following 
form: 


(VoV)¥o = 
div (NoFo) = 0. 


+ The thermal motion in the plasma can be properly allowed for only within the 
framework of the kinetic equation, which, unlike (22.2), allows for the existence of a 
whole spectrum of particle velocities in each element of the volume. The effects that 
appear with this approach to problems of wave propagation in a plasma will be dis- 
cussed in sections 26 and 27. Here all we shall say is that in the cases when the quasi- 
hydrodynamic method is adequate for the problem under study qualitatively it does 
not lead to strict quantitative results, allowing for the effect of thermal motion with an 
accuracy up to coefficients of the order of unity. At the same time this approach is 
quite legitimate where thermal motion can generally be neglected. The extensive applica- 
tion of the quasi-hydrodynamic method is justified by its simplicity when compared 
with the kinetic equation method. 
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The stationary magnetic field Ho that figures in (22.5) plays a very impor- 
tant part in the propagation of waves in a plasma, since in the presence of 
this field the latter sharply alters its properties, becoming a magnetoactive 
medium (see sections 23-27). 

The equations (22.2) and the first of the relations (22.3) are non-linear 
in the variables H, N and V. This circumstance considerably complicates 
the study of electromagnetic processes in a plasma. In practice (with a few 
exceptions which will be discussed in sections 25 and 27), however, the 
high-frequency fields E’ = E—E,, H’ = H—H) are sufficiently small, as 
are the deviations V’, N’ connected with them of the velocity V and the 
concentration N from their stationary values Vy, No. Thanks to this rela- 
tions (22.2), (22.3) can be linearized by neglecting in them the terms that 
are quadratic in H’, N’ and V’. Remembering what has been said and 
provided that (22.1)-(22.3) are satisfied in the absence of high-frequency 
perturbations, we obtain for the latter: 


, 4n.„ 1 OE’ ,_ 1 Of’ 
curl H Saad Foor curl E =e O (22.6) 
div E’ = 4x0’, div H’ = 0. 
ov’ ; r žl V (TN) _ V(TNo) y 
e (ey ty H+L rok’ y’ 22.7 
=l Fol o+- [Fo )) = rer : (22.7) 


+ 


as div (N’ Vot+ No V’) = 0, 


J = —eNoV’—eN'Vo, e = —eN’, 


(22.8) 


The system of linear equations (22.6)-(22.8) defines the distribution of the 
weak high-frequency electromagnetic perturbations in a non-uniform 
moving plasma. It holds until the quasi-hydrodynamic approach is appli- 
cable to a plasma at each point in which there is local thermodynamic 
equilibrium when there are no perturbations (as regards the velocity distri- 
bution of the particles). 

Sections 22-26 discuss the propagation of waves in a motionless plasma 
(Vo = V, = 0) with a uniform temperature distribution (T = const). This 
significantly simplifies the equations (22.7), (22.8) which become:t 


+ The term (VN,/N2N’ is sometimes not taken into consideration in the first of the 
equations (22.9); generally speaking, this is not legitimate (for this see Zheleznyakov 
and Zlotnik (1963). 
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; e eae ere ; 
en N)-= (E +—1V Hol) a’, | 


x +div(No V’) = 0, (22.9) 


J =-eNoV'’, œ =—eN’. 





av’ TIN No 
ots ( 


In future we shall omit the primes when writing the high-frequency 
fields E’, H’ and the currents j’ and charge densities 9’ connected with 
them. 

In a uniform plasma, where No = const, T = const, Ho = const, Vo = 
const, the solution of the system (22.6)-(22.8) can be found in the form 
of plane monochromatic waves in which the electromagnetic field varies as 


E = E, ei-, H = H, eiot—ikr (22.10) 


(E, and H, are amplitudes that are constant in time and space, œw and k are 
the frequency and wave vector). Substituting these expressions for E, H 
(and also the similar functions for V’, N’) in (22.6)-(22.8) we obtain a ho- 
mogeneous system of linear algebraic equations for the amplitudes E,, 
H,, V,, N|. The ratios of the components of the vector E, along the 
coordinate axes defined by this system characterize the polarization prop- 
erties of the wave. Further, from the requirement of non-triviality for the 
solution of the homogeneous equations we can find the so-called disper- 
„sion equation which connects the frequency of the wave with its wave 


vector: 
p(w, k) = 0. (22.11) 


The dispersion equation (22.11) can be written in a more concrete form 
if we introduce the dielectric permittivity tensor ¢,(@, k), which character- 
izes the linear connection of the electric induction D = E—i4nj/m with the 
electric field E in a monochromatic wave: 


D; = en(@, k)E; (22.12) 


(D; and E, are components of the vectors D and E along the axes of a car- 
tesian system of coordinates). The tensor ¢,, can be obtained by finding the 
connection between the current density j and the field E by means of the 
equations (22.7), (22.8). Then the system of homogeneous algebraic equa- 
tions mentioned above becomes 


Eil w2 





(Pre ia ord En = 0 (l= 1,2,3) (22.13) 


(«,, æ are the angles subtended by the vector k with the coordinate axes i 
and /; Ey is the component of the amplitude E, along the / axis). For the 
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system (22.13) to have a non-trivial solution (i.e. for E,, to be non-zero 
even with a single value of J) it is necessary to require that the determinant 





X 2 
det (Hou k? cos q; cos aj— a ) (22.14) 


should become zero. Here det denotes a third-order determinant whose 
element standing at the intersection of line i and column / is equal to the 
expression contained in the brackets; ô; is Kroneker’s symbol (6, = 1 
if i = /, and 6, = 0 if i # l) (Silin and Rukhadze, 1961, section 6). 

The dispersion equation gives the wave number k or the refractive index 
n = ck/w as a function of the frequency œ for a wave being propagated 
in a direction k. If the functions k(w) (or n(w)) are ambiguous (i.e. with 
a given frequency œ the dispersion equation has several roots k;), several 
waves may be propagated in the plasma, each with its own refractive index 
n(@) (the index of j is the “number” of this wave). It should be noted 
that since the linear system (22.6)-(22.8) is satisfied not only by the func- 
tions (22.10) with appropriate values of k;(œw) but also by any linear com- 
binations of these functions, in a uniform plasma each weak wave is 
propagated independently of the other waves. An arbitrary electromagnetic 
field of a frequency in a plasma (with certain limitations on its behaviour 
at infinity) can always be represented in the form of a superposition of 
waves (22.10); therefore each wave (22.10) corresponding to one of the 
solutions of the dispersion equation is called a “normal” wave. 

Unless the medium is uniform the functions (22.10) cannot satisfy the 
system of equations (22.6)-(22.8) and the problem of finding its precise 
solutions is considerably complicated. However in the case when the prop- 
erties of the plasma change only a little in a wavelength the system (22.6)— 
(22.8) can be solved in the so-called geometrical optics approximation. 
This approximation is based on the circumstance that with a slow variation 
in space of the properties of the medium the propagation of waves in each 
sufficiently small region occurs in just about the same way as in a uniform 
medium with parameters close to the parameters of this region. Therefore 
the solution in the approximation of geometrical optics should basically 
recall (22.10); however it must be borne in mind that when R changes the 
value of k, alters, so the phase shift will be f k, dR and not simply &,R: 


E=E,(R) eit- ShARH = A(R) el@-iS (Ra (22.15) 


In addition, in the approximation in question the amplitude of the wave 
ceases to be constant; this is also taken into consideration when writing 
(22.15). 
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It should be stressed that the vector k, and the ratios of the amplitude 
components E, (and H,) in (22.15) can be found respectively from the 
dispersion equation (22.14) and the system of algebraic equations (22.13) 
for a uniform plasma whose properties coincide with those of a non- 
uniform medium at a given point R. The necessity for special treat- 
ment of the equations (22.6)-(22.8) in a non-uniform medium arises here 
only when finding the dependence of the magnitude of the wave amplitude 
on the radius vector R. It is clear from what has been said that in the 
approximation of geometrical optics the values of the refractive index, the 
number of possible waves in the plasma and the nature of their polariza- 
tion remain the same as in a uniform medium. 

Unless there are regions in a non-uniform plasma in which the geo- 
metrical optics approximation would be inapplicable, or if there are such 
regions but the waves do not reach them, then the solutions of (22.15) 
with different k, will be independent. The arbitrary electromagnetic field 
can then be approximately represented in the form of a combination of 
solutions of (22.15) with different values of k, and amplitudes E,, H,. This 
lets us conventionally call the geometrical optics solutions in a smoothly 
non-uniform medium “normal” waves. 

On the other hand, in the case when the waves in the course of prop- 
agation pass through a region where geometrical optics are invalid (where 
the expressions for the fields E, H differ essentially from (22.15) and from 
any linear combination of these functions with identical or different values 
of k,), the geometrical optics solutions of the (22.15) type no longer remain 
independent outside this region: their amplitudes will be connected by 
definite relations. This phenomenon bears the name of the coupling of 
“normal” waves. This kind of coupling is obviously not caused by 
a violation of the principle of superposition for fields in a plasma, i.e. by 
the non-linear nature of the electromagnetic waves: this effect is caused 
by the fact that in certain regions of the plasma an expansion of the field 
into “normal” waves is inapplicable, if by them we understand solutions 
written in the approximation of geometrical optics. Due to the phenome- 
non of interaction an arbitrary field can be made up only of precise solu- 
tions of the equations (22.6){(22.8) which describe the electromagnetic 
waves in the whole plasma including the region where geometrical optics 
are inapplicable; a long way from these regions the accurate solutions 
can be represented asymptotically in the form of linear combinations of 
the functions (22.15) with a definite connection between their amplitudes, i.e. 
in the form of “coupled” waves of the geometric-optical approximation. 


+ Only these accurate solutions now play the part of the true normal waves. 
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A well-known case of interaction is the effect of electromagnetic wave 
reflection: here the connection between the “normal” waves (direct and 
reflected) is provided by simultaneous violation of geometrical optics for 
both waves in the layer called the reflection region. The more complex 
effects of the coupling of different types of wave, which are of great 
importance to the theory of solar radio emission, will be discussed later 
(see sections 24, 25). In sections 22 and 23 we shall limit ourselves to dis- 
cussing the features of wave propagation, taking the approximation of 
geometrical optics as a basis. In a smoothly non-uniform medium this has 
very extensive applicability, being valid everywhere with the exception 
only of certain limited regions of comparatively small extent. 

The present section goes on to study wave propagation in an isotropic 
plasma, i.e. under conditions when Hp can be taken as equal to zero. The 
constant magnetic field is allowed for in section 23. 


WAVES IN AN ISOTROPIC PLASMA 
If the effect of the constant magnetic field Ho can be neglected,t then in 
a uniform motionless plasma the dispersion equation (22.13) splits into 


two: 
w? = otek, w? = œw} + Vk. (22.16) 


Here w, = (4re?No/m)"? is the so-called characteristic (Langmuir) frequ- 
ency of the plasma oscillations, V,,=~/*T7/m is the thermal velocity of the 
electrons. The connection between the frequency w and the wave number 
k =|k| defined by these equations does not depend on the direction of the 
wave propagation (the orientation of the vector k), i.e. a motionless plasma 
with Ho = 0 is an isotropic medium. 

The first of the relations (22.16) describes the refractive index of trans- 
verse electromagnetic waves: 


nẸ a = e = 1-2, (22.17) 


where € is a quantity the same as the dielectric constant of an isotropic 
plasma in the absence of thermal motion, and the parameter v, which we 
shall be making use of often, is equal to w?/m®. The phase velocity of the 
transverse waves is Vi, = ofk = c/4/e = c; the group velocity is i= 
dw/dk = c,/é = c; the wavelength is A = 2nc/w4/e. 

In these waves the vectors of the electrical (£) and magnetic (H) fields 
are located in a plane orthogonal to k. In the rest, their polarization 


t In the majority of cases the effect of the field H, on the propagation of the waves 
can be neglected if the frequency w is much greater than the electron gyro-frequency 
@y = eH,/me. However, for certain effects, for example the Faraday effect, the condi- 
tion w >» wy becomes insufficient. 
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remains arbitrary, so that in the expansion of the given electromagnetic 
field any two waves of the (22.10) type with opposite polarizationst can be 
taken as the normal ones. If the case of an isotropic plasma obtains as the 
result of a transition to the limit as the magnetic field Ho applied to the 
plasma approaches zero, the polarization of the transverse waves will be 
quite definite (see (23.10)). 

The mean energy flux in a transverse electromagnetic field with an elec- 
trical field amplitude E, is given by the expression 


cV/eé 
82 
The second of the relations (22.16) gives the refractive index of a 
ongitudinal plasma wave 


n = E i l1—v B _ Vin 
= —— = —— p =, 
4 Bi Ba : c 


Se = |Ea|?. (22.18) 


(22.19a) 


In this wave the electrical field E runs along the vector k, i.e. curl E = 0. 
In accordance with (22.6) this implies that the magnetic field H is equal to 
zero. The phase velocity of the plasma waves is Vpn = Vi,/4/é = Vm the 
group velocity is V= Vn y E= Vy, and the wavelength is A=22V,,/o+/e. 
Unlike the transverse waves, a longitudinal wave with a finite value of the 
refractive index and a non-zero group velocity appears only if the thermal 
motion is allowed for (when fa # 0). 

We notice that the incompleteness of the quasi-hydrodynamic approach 
affects the expression for 3 and the limits of its applicability. Using the 
more accurate kinetic method gives (Ginzburg, 1960b, section 8) 


1l-v 
a pea 
ng ~ TA (22.19b) 


for waves with a phase velocity V pa > Vi, (i.e. with a wavelength å > 
2xD, where D = V,,/m, is the Debye radius). For plasma waves that 
do not satisfy the condition å => 2D the expression (22.19b) becomes 
untrue; in addition, these waves are strongly damped (at a distance of the 
order of A) even without allowing for collisions of electrons with ions (see 
section 26). The latter circumstance is not found with the quasi-hydro- 
dynamic treatment. 

The mean energy density in a plasma wave (in the quasi-hydrodynamic 
approximation) is 
E3 Ez 


WaS gae ~ Ba’ 


(22.20) 


+ These waves are also noted in (22.17) by the suffices j = 1, 2. For the concept of 
waves with opposite polarization see section 6. 
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and the mean energy flux is 

Vane Ex Vine 

Ba(1—e) 7 8x 

The last equalities in (22.20), (22.21) are valid if œ ~ œz, i.e. if A > 2nD; 
only in this case can one actually use (with the reservations made above) 
the quasi-hydrodynamic method. 

According to (22.17), (22.19) the refractive index of a plasma wave, all 
other things being equal, is ~fa times greater than the refractive index 
of transverse waves; accordingly the length of the plasma wave is as many 
times less than the length of the transverse waves. Under the conditions of 


So = Wa Ver = E2. (22.21) 





Fic. 110. Square of refractive index nj as a function of the parameter v = 
w} Jæ? in an isotropic plasma 


the solar corona, where T ~ 10° °K, V ~ 4X108 cm/sec and fa ~ 
10-2, the length of a plasma wave is two orders less than the corre- 
sponding value for an electromagnetic wave. 

The dependence of the refractive indices n; on v in an isotropic plasma is 
shown in Fig. 110. If the plasma is non-uniform and the electron concentra- 
tion depends linearly only on the single coordinate z,t then the graphs 
shown in the figure reflect (with a corresponding change of scale along the 
abscissa) the function n7(z). 

In a smoothly changing plane-layered medium geometrical optics are 
applicable everywhere for waves propagated along the z-axis, with the 
exception of the vicinity of the point z where v = 1 (i.e. e = 0 and nj = 0). 
The latter does not appear unexpected since as we approach the n? =0 
level the wavelength steadily rises, so the relative change in the properties 
of the medium at a distance of the order of å/2x becomes greater and 
greater; the relative smallness of this kind of change is a condition of the 


+ A medium whose properties depend only on a single cartesian coordinate is called 
plane-layered. 
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On << E. (22.22) 


By approximating the function e(z) in the e ~0 layer by the linear function 
z grad £ we can reduce this inequality to the form 


iz] Š = 22.23 
Z| > | — 3 
( wv grad € ) ( ) 
for transverse and 
y, 2/3 
izl > (=>) (22.24) 
wv grad é 


for longitudinal waves. It follows from this that in the solar corona, where 
grad € ~ 1071 cm™1, geometrical optics at a frequency of œ ~ 2nx 
10° sec} is completely violated only in the narrow layer |z| $ 2X10¢cm 
for electromagnetic and |z| < 10° cm for plasma waves.t 
In layers where (22.23) is satisfied for electromagnetic waves (j = 1, 2) 
the approximation of geometrical optics is of the form (Ginzburg, 1960b, 
section 16) 
F= A aj E f» see a Kaa k dz , (22.25) 
nj Vn; 








The factor 1/4/n, determines the dependence of the electric field amplitude 
on the z coordinate and the constants cı and ce determine the absolute 
magnitude of the amplitude; the vector a, characterizes the polarization 
of the jth wave. For plasma waves (j = 3) the expression for the electric 
field is similar to that given, but with the difference that instead of the 
factor 1/4/n, the factor w, /w4/ n; figures in it (Zheleznyakov and Zlotnik, 
1963). 

In the z < 0 region, where n¥(z) > 0 and n,(z) is the real value, the first 
term in (22.25) defines a wave travelling in the direction of positive z, 
and the second term a wave travelling in the opposite direction. In z > 0 
layers, where nj(z) < 0 and the quantity n,(z) is purely imaginary, the 
first term describes an exponentially attenuated wave and the second a 
wave that increases in amplitude exponentially. Violation of the geometric- 
optical approximation (22.25) in the nj(z) ~ 0 layer leads to a coupling 
of the reflection type between waves being propagated towards positive and 


+ In accordance with the precise solution of the problem of wave propagation in a 
linear layer the expressions in the right-hand sides of the inequalities (22.23), (22.24) 
define (with an accuracy of up to a coefficient of the order of unity) the maximum 
wavelength max reached in the plasma. 
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negative z.t This coupling is manifested in the connection between the 
coefficients cı and cz in the regions z > 0 and z < 0: for example, 
when a wave with an amplitude cı is incident on a linear layer from the 
interaction region a reflected wave with an amplitude cz = c1e™” goes 
into the z < 0 region, whilst only an exponentially attenuated field with 
an amplitude ce”? exists in the region z > 0. 

With inclined propagation of waves in a plane-layered plasma (at an 
angle to grad £) the solution of the equations (22.6), (22.29) can be written 
in the form (Ginzburg, 1960b, section 19) 


E = F(z)e7tkex— thy, 


Without limiting the generality this expression can be put in the following 
form: 

E = F(zje7#e*, (22.26) 
if we rotate the system of coordinates so that the new x-axis runs along 
the component of the vector k in the plane xy. In (22.26) k, = const (i.e. 
it does not depend on the coordinates), and the variation of the field E 
along the z-axis is fully characterized by the function F(z). 

The equations describe the high-frequency electromagnetic fields with 
a vector E lying in the plane xz (in the plane of propagation) and with 
a vector E orthogonal to this plane split. This means that waves with 
these orientations of the electrical vector with inclined propagation 
in a plane-layered plasma remain completely independent. For electro- 
magnetic waves with a vector E orthogonal to xz the function F(z) is in 
general similar to the function E(z) discussed above in the case of propa- 
gation along grad e; the difference consists only in that the reflection point 
(in whose vicinity the oscillatory nature of the field variation is replaced 
by an exponential one) does not correspond to a value n,(z) = 0 as before, 
but to a value 
ckx 





nz) = (22.27) 

For waves with a vector E in the plane of propagation the function 
F(z) is distinguished by greater singularity. The electromagnetic wave, it 
is true, is reflected as before from the point m, o(z) = ck,/w. At the same 
time the approximation of geometrical optics for this wave also becomes 
invalid at the point 13(z) = ck,/@ where the plasma wave is reflected. 
Therefore between the electromagnetic and plasma waves in the vicinity 


t Simultaneous violation of the geometrical optics approximation for two waves in 
a certain region is a necessary but insufficient condition for the appearance of effective 
coupling between them. In each individual case the presence of coupling can be 
established only as the result of special treatment (see sections 24 and 25). 
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of n3(z) = ck,,/@ there appears a coupling accompanied by one type 
of wave changing into another. This effect will be discussed in detail in 
section 25. 

The ray treatment of wave propagation is very convenient in a smoothly 
non-uniform medium within the framework of the approximation of 
geometrical optics. Here a ray is understood as the trajectory of the motion 
of the “centre of gravity” of a wave packet (a signal limited in space and 
in time). Within the framework of geometrical optics the direction of the 
packet’s motion is determined by the group velocity vector V,, = daw/dk, 
and is the same as the time-averaged direction of the energy flux in the 
wave. It follows from the equations (22.16) that in an isotropic plasma the 
direction of V,, is also the same as the direction of the wave vector k,. 
In its turn the direction of the wave vector k, in the medium is determined 
by the condition k, = k; sing = const (where is the angle between k, 
and grad e€) or, what is the same thing, by the condition 


n,(z) sin y = const (22.28) 


(the Descartes—Snellius refraction law). The constant in (22.28) will be 
fixed if we state the angle po between k; and grad e at a certain level z = zo: 


n,(z) sin p = n,(Zo) sin po. (22.28a) 


Often the Zo layer chosen is the origin of the plasma layer e = 1 where the 
change from a plasma to a vacuum occurs. The angle @ in this region 
is called the angle of incidence of the wave on the layer; the value of n,(zo) 
here is equal to unity for electromagnetic waves and 1/8, for plasma 
waves.t 

The behaviour of a ray with inclined incidence of the wave on a plane- 
layered plasma can be judged from the schematic Fig. 1lla. The apex 
of the ray corresponding to the point of reflection Zen can be determined 
from (22.28a) with the condition gy = 2/2: 

Nj(Zren) = SiN Po, 


or, what is the same thing, 
2 
E(Zren) = pelien. = sin? po. (22.29) 


The last relation, as can easily be checked, is the equation (22.27) rewritten 
in different notations. 

{ The angle of incidence for plasma waves can, of course, be introduced only con- 
ventionally since these waves cannot exist in a vacuum, and in regions of the plasma 
far enough away from e(z) œ% 0 (i.e. where A/2x ~ D and n} ~ 1/ßm) they are already 
sharply damped at a distance of the order of å/2r, which makes propagation of the 
waves impossible in practice. ` 
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If in the plasma there is a source sending out electromagnetic waves 
in all directions, then because of refraction the radio emission is directional 
in nature as it leaves the plasma. The range of angles po = Pmax in this 
case is easy to find if we remember that a ray leaving the plasma at the 
maximum angle go = Pmax has an apex at the point z = z, where the 
source is located (Fig. 111b). Then in accordance with (22.29) 


Pmax = arc sin V e(Zs) = arc sec (£) (22.30) 
Ls 





(b) 


Fic. 111. Wave propagation in a plane-layered plasma with an increasing 

electron concentration N along the z-axis: (a) trajectory of a ray incident on 

the plasma at an angle ¢,; (b) emission of radio waves by a point source in a 
plasma 


It follows from this relation that the directivity increases as the distance 
decreases between the source and the e(w) = 0 level (either because of 
movement of an emission source of constant frequency into the plasma, 
or because of a decrease in the frequency generated by a motionless source). 

The formula (22.30) makes it possible to judge the magnitude of € in 
the generation region from the observed width 29,,,, of the angular 
distribution of the radio emission. For example, if 2,,,, ~ 40° (which is 
typical of the enhanced radio emission connected with sunspots), then in 
the generation region ¢ will be about 0-1 and n, . =+/ e will be about 0-3. 
The effect of the magnetic field on the value of the refractive index may, 
of course, considerably alter this estimate. 

Because of its simplicity the plane-layered model of a non-uniform 
plasma with a steady variation in its parameters is very convenient for 
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investigating the question of wave propagation in the solar corona as 
regards principles. In a number of cases, however—when studying the 
nature of the directional features of the emission, radio absorption along 
the ray, etc.—a more accurate treatment of the travel of rays in the 
corona allowing for its sphericity proves necessary. 

The configuration of rays in a spherically symmetrical refractive medi- 
um is determined by the law of refraction, which is a generalization of the 
Descartes-Snellius law (22.23) for the plane-layered case (Ginzburg, 
1960b, section 36): 

nj(R)R sin p(R) = const. (22.31) 


Here #, (R) is the refractive index at a point at a distance R from the centre 
of symmetry (the centre of the Sun), ọ is the angle between the direction 





Fic. 112. Calculation of form of ray in a spherically symmetrical solar corona 


of the ray and the radius vector R. If we use R„ to denote a point on the 
ray trajectory outside the medium, then the refraction law can be stated 
as follows: 


nR)R sin p(R) = nf{R~)Ro sin p(R~) = nj(R)r, (22.31a) 


where r is the “aiming parameter” characterizing the distance from the 
ray entering the medium to the solar radius running parallel to it. For 
transverse electromagnetic waves the refractive index outside the corona 
is n(R,,) = 1; it is necessary to allow for the formal difference of n(R...) 
from unity only when dealing with the refraction of plasma waves. The 
typical travel of a ray in the corona with an electron concentration that 
decreases as R increases is shown in Fig. 112. 

It is clear from (22.31) and this figure that an element of length along 
the ray is 
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The ray trajectory in the polar coordinates R, 6 is 


Roo 
TE ae eee S (22.33) 
Rv n R-—r? 
R 


The quantity 0. is obviously the same as (R). The reflection point (the 
“turning” point), where pọ = 2/2, R = R* and 6 = 6", is defined by the 
equality 

R°n,(R*) = r. (22.34) 
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Fic. 113. Configuration of rays in the solar corona for wavelengths of 80 cm 
to 10 m (Reule, 1952). 


The ray trajectory is symmetrical relative to the solar radius passing 
through the turn point. 

Configurations of electromagnetic rays in the solar corona calculated 
by Reule (1952) from formula (22.33) on the assumption that the electron 
concentration distribution is subject to the Baumbach-Allen formula 
(1.1) are shown in Fig. 113. The travel of rays in the corona can also be 
judged if we know the coordinates R*, 9° of the turn points for different 
values of the parameter r; these coordinates are shown in the graphs of 
Fig. 114. 

It is clear from Figs. 113 and 114 that at a given frequency the ray 
penetrates deeper into the corona at smaller values of the “aiming para- 
meter” r. In other words, the turning point surface touching the level 
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n@) = 0 (i.e. @ = œr) at the centre of the disk rises above this level as 
the distance r to the centre of the disk increases. Since this surface is the 
lower limit of the corona region from which radio emission at the given 
frequency can escape from it in a given direction, emission at the centre 
of the disk can be observed from sources that are deeper down than on 
the limb. As the frequency rises the turning-point surface moves into 
deeper layers of the corona; at the same time the region of the corona 
which can in principle be responsible for the creation of the observed 
radio emission expands. 

Due to refraction the “position” of the source in the corona as seen 
in radio rays differs from the true one by a shorter distance to the centre 
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Fic. 114. Coordinates of turn point in corona R* (dotted curves) and 0* 
(solid curves) as a function of the frequency f for different values of the 
parameter r (Jaeger and Westfold, 1950). 


of the disk. If the source lies on the turning-point surface, for a Baum- 
bach—Allen corona the direction in which the radio emission is observed 
intersects the Sun’s radius passing through the source near the n(@) = 0 
level (Shain and Higgins, 1959). 

If a source in the plasma generates radio emission of a pulsed nature 
(of the burst type) with a broad frequency spectrum, then because the 
group velocity is not the same at different frequencies the times of arrival 
of signals observed outside the plasma will be different. Since the group 
velocity of transverse waves is V,, = c4/e, the group lag time (when com- 
pared with a signal propagated in a vacuum) is 


Ai zl (J -1) dl: (22.35) 


the integral is taken along a path connecting the source and the point of re- 
ception. The maximum lag will obviously occur at a frequency œ for which 
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at the point where the source is located n; » = +/e = Of. In the case of a 
linear function e(R) for a ray leaving the corona along a solar radius (r = 0) 
the maximum lag is 

1 


Tade (22.36) 


(tgr)max = 


If r ~ 0, then it will be even less. 

Under the conditions of the inner corona with values of grad 
e ~ 107! cm the group lag is not more than a second or fractions of a 
second. Such a small value of 4f,, will not allow us to connect the observed 
frequency drift of type III bursts (not to mention the slower drift of type II 
bursts) with this effect (see sections 13 and 14). 

We shall now make a few remarks about refraction in the planetary 
ionospheres. 

The travel of rays in a spherically symmetrical model of a planetary 
ionosphere, generally speaking, is also defined by the relation (22.31). 
Unlike the solar corona, however, the extent of the ionosphere in height 
is much less than the radius of its curvature; therefore in (22.31) the change 
in the factor R when waves are propagated in the ionosphere can in many 
cases be neglected and a plane-layered model with a refraction law in the 
form of (22.28) can be used instead of a spherical ionosphere. When 
studying the propagation of radio waves in the ionosphere we must also 
allow for the fact that the dependence of the electron concentration on the 
altitude N(z) is not monotonic: this quantity becomes greatest at a certain 
altitude Zax (at the maximum of the ionospheric layer) and falls as z 


max 


moves away from z 


max* 


If a wave is incident on the ionospheric layer at an angle go it is reflected 
from the z = Zen layer where the plasma frequency is 


1(Zren) = W COS Po (22.37) 


(see (22.29)). As the frequency œ = 2nf increases the reflection point 
moves into the heart of the layer with greater values of œ; = 2nf,. At a 
certain value of f equal to the ionospheric critical frequency for inclined 
incidence 

Jer = fLmax SCC Po (22.38) 


t That Vg: becomes zero at this point does not prevent the escape of radio emission 
from the. = 0 layer since in this layer the approximation of geometrical optics is 
violated and formula (22.35) becomes invalid. Therefore in the vicinity of 7, = 0 we 
should, generally speaking, use a more accurate expression for the group lag time than 
(22.35). However, the contribution to Atg from a thin layer with a thickness of the order 
of a few wavelengths is small when compared with the contribution from the extensive 
region in which geometrical optics are quite legitimate. This gives us some foundation 
for stating that the use of the formula (22.36) does not introduce any great error into 
the estimate of the quantity (4t,,)max- 
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it reaches the layer maximum, where the plasma frequency Wr max = 2ftmax 
corresponds to the electron concentration N nax- In the region 


J > fer = fimax SEC Po (22.39) 


reflection disappears and the wave passes freely through the ionospheric 
layer. At a fixed frequency f the inequality (22.39) defines the range of 
angles » at which emission passing through the ionosphere leaves it; here 
the maximum angle 





Pmax = arc sec ( f ) (22.40) 
Lmax 

decreases together with the ratio f/fzmaxs becoming zero when f/f,.., = 1 

(Ginzburg, 1960b, section 34). 

The character of the directivity of an isotropic emitter placed in the 
ionosphere will differ according to its position in relation to the layer 
maximum. If the source of the emission is between the Z = Zmax level 
and the point of observation, then the maximum value of the angle Pmax» 
just as in the case of the monotonic function N(z), will be defined by the 
formula (22.30). It follows from this that the directivity at a frequency 
Jf depends upon the value of the plasma frequency at the point where the 
source is located, i.e. on the position of the source. If the source is separated 
from the observation point by a layer z = z,,,, then the directivity of 
emission coming from the layer will be defined by the formula (22.40). 
According to the latter the directivity at a frequency f does not depend 
in this case on the actual position of the source and is given by the value 
of the plasma frequency at the layer maximum. 

Above we have been discussing the propagation of electromagnetic 
waves under the conditions of a uniform or a regularly non-uniform 
plasma, without making allowance for the fact that irregular variations 
in N are generally superimposed on the regular curve of the electron 
concentration. This leads to scattering of the electromagnetic waves as 
they are being propagated in the corona. 

The nature of the scattering depends essentially on the scale of the in- 
homogeneities. Scattering on smooth large-scale inhomogeneities with a 
characteristic size of / > 4 and An} < 1 can be described in the approxima- 
tion of geometrical optics everywhere with the exception of plasma layers 
with a refractive index of n, ~ 0. This means that in this case scattering 
occurs with conservation of the normal wave type, without any noticeable 
change of the scattered emission into emission of another type. The whole 
effect actually comes down to broadening of the angular radio emission 
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spectrum caused by chaotic changes in direction of the radio beams in the 
corona.t However, as well as comparatively stationary large-scale in- 
homogeneities there are also non-stationary fluctuations with small values 
of / (in particular with 7 ~ 4) in the corona thanks to the presence of 
thermal motion.t Here the scattering can no longer be treated in the 
approximation of geometrical optics; as will be shown in section 25, 
scattering on thermal fluctuations is accompanied by the transformation 
of waves of one type into another. 

The effect of scattering on large-scale inhomogeneities leads, in partic- 
ular, to a rise in the angular size of discrete sources of radio emission 
during their eclipses by the solar corona. The scattering effect may in 
certain cases apparently also increase the observed angular size of local 
sources of the solar sporadic radio emission. This range of questions is 
discussed in the theoretical respect by Vitkevich (1956c, 1960b), Chernov 
(1958), Scheffler (1958), Ginzburg and Pisareva (1956), Pisareva (1958), 
Vitkevich and Lotova (1961). All we shall say here is that a definite indi- 
cation of the effective part played by scattering of the radio emission of 
local sources in the metric band is the comparative consistency and con- 
stancy of the sizes of sources of the different components of the sporadic 
radio emission (generally 5-8’; see Table 4 in section 17). At the same time 
the recording of R-centres with angular sizes that vary within broad limits 
(from 3 to 9’; section 12) shows that it is very far from always that scatter- 
ing occurs. We note that the scattering effect may in principle not only 
affect the size of local sources of sporadic radio emission; it also affects the 
radio brightness distribution over the “quiet” Sun’s disk observed in the 
metric band. This question will be discussed in section 28. 

Scattering of radio emission in the solar corona, generally speaking, 
also increases the duration of bursts of solar emission fo (Vitkevich, 1960b). 

It is true that the effect of increasing the duration of a burst because of 
scattering in the supercorona is completely insignificant (Pisareva, 1958); 
however, if we bear in mind the scattering in the corona (at distances of 
R < 4-5R,), it turns out that under definite conditions (at the solar cycle 
maximum, at the long-wave end of the metric band or at decametric 
wavelengths) the contribution of the scattering to the value of fo for bursts 
of short duration may be noticeable. 


+ In essence to use the ray treatment of the scattering the condition 1 >v på (b is the 
distance from the point of observation to the effectively emitting region) must be added 
to the inequalities given above. This condition means that the size of the first Fresnel 
zone should be much less than the characteristic size of the inhomogeneities. 

t The existence under the conditions of the corona of stationary inhomogeneities 
with sizes of the order of a wavelength is not possible. Suffice it to say that the mean 
free path of electrons in the corona is over 107 cm and in the supercorona over 104! cm. 
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Broadening of Jupiter’s bursts of radio emission because of scattering 
in the solar corona (at a period of conjunction) will proceed more effectively 
chiefly because of the great distance of the source of the emission from the 
scattering screen (Zheleznyakov, 1958a). It is quite probable that this 
effect may be found by careful comparison of the mean duration of 
Jovian bursts before and during Jupiter’s eclipse by the solar corona.t 

In conclusion we note that electron inhomogeneities in the corona may 
also cause certain fluctuations in the intensity of the solar radio emission 
at metric wavelengths (Ginzburg and Pisareva, 1956; Pisareva, 1958). 
In actual fact, even in the case of a stationary corona when the coronal 
inhomogeneities are fixed in a coordinate system linked with the Sun, the 
diffraction picture produced on Earth of solar radio emission scattered in 
the corona will, because of the Sun’s rotation around its axis, move relative 
to an observer at a velocity V ~ 400 km/sec. Since the diffraction field of 
the scattered radio emission is non-uniform this displacement causes 
fluctuations of intensity at the point of observation. In principle they can 
be separated from fluctuations of different origin by comparing recordings 
of the radio emission intensity at two points at different longitudes: the 
intensity variations in question will be correlated with the time shift 
t = L/V, where L is the distance between the receiving stations. If, for 
example, L ~ 4X10? km, then the lag is ~ 10 sec. However, the extreme 
changeability of the solar radio emission leaves little hope of finding this 
effect. 


23. Propagation of Electromagnetic Waves in a Magnetoactive 
Coronal Plasma (Approximation of Geometrical Optics) 


ELECTROMAGNETIC WAVES IN A HOMOGENEOUS PLASMA IN THE PRESENCE OF 
A CONSTANT MAGNETIC FIELD 


In the presence of a magnetic field Ho the properties of a plasma alter 
significantly: the plasma becomes a magnetoactive (anisotropic and gyro- 
tropic) medium. The anisotropy shows itself in the dependence of the nor- 
mal wave characteristics (refractive indices, polarization vectors) on the 
direction of propagation, and the gyrotropy in the elliptical polarization 
of these waves. 

The values of the refractive indices n, = k,(c/m) of normal waves in 
a magnetoactive plasma are defined by the dispersion equation (Ginzburg, 


t Some preliminary data on eclipse observations of Jupiter are given by Shain (1956), 
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1960b, section 12) 
b3 (1—u cos? «)n®— [1 —u— v+ uv cos? a 
+264 (1 —v—u cos? a)]nt+ [2(1 — v)? 
—u(2—v— v cos? «)+ ph (1 —2v+ v?—u cos? a)]n? 
+(1—»)[u—(1—v)?] = 0, (23.1) 


where a is the angle between the wave vector k and the field Hp, 


2 2 
Bu = as yack, u=% (23.1a) 
(a, is the plasma frequency, w, is the gyro-frequency). 

Without taking thermal motion into consideration when f,, = 0, the 
equation (23.1) defines the refractive indices of the two normal waves that 
can be propagated in a uniform magnetoactive plasma (an in a non-uni- 
form one in the approximation of geometrical optics): 


2x(1—v) 


= 2(1 —v) ~u sin? « F} Vu sint a+ 4u(1—v)? cos? a | 


Here the “plus” sign and the suffix “2” correspond to an ordinary wave, 
the “minus” sign and the suffix “1” to an extraordinary wave. Graphs of 
the function nj} ,(v) in the case of longitudinal (x = 0) and transverse 
(a = a/2) wave propagation relative to the magnetic field are shown in 
Figs. 115 and 116. The function nj, ,(v) with an arbitrary (but small) 
angle a is shown in Fig. 117. 

The refractive indices become zero with v = vo, wheret 


vo =1, v= 14Vu, (23.3) 


(23.2) 


2. 
nip = 1 


and become infinitely great with values of u,v that satisfy the relation 
1—u—v+uv cos? = (1—u)(1—v)—w sin? g = 0, (23.4a) 


ie. with v = v, where 
l-u 

Pe» ure aa) 
It follows from the figures that the character of the dispersion curves 
changes significantly on the change from u < 1 to u > 1. In the last case 
we must also distinguish two variants: u cos?æ <1 and ucos?a > 1. 
Since the parameter v cannot be negative the functions n4 , (v) have no poles 
in the region u > 1, u cos? < 1 (see (23.4b)). With small angles « this 


t These values of v, do not change even when fın = 0 (see (23.1)). 
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Ma 





®) 


Fic. 115. Function nj (v) in the case of longitudinal propagation of waves 
relative to a magnetic field H, (a = 0): (a) u = w/w? < 1; (b) u = w}/w*>1 





Fic. 116. Function nj (v) with transverse Fic. 117. Function nį .(v) for an angle 
propagation of waves in a magnetic field «<1: (a) u < 1; (b) u > 1 (to be more 
H, @ = 2/2) precise, u cos? « > 1). The circles show 

the regions where the waves interact 


region is of little significance since it appears only in a very narrow range 
of values of the parameter w. 

Figures 115-17 describe the variation in the refractive indices as a 
function of the plasma frequency w, for œ = const and wy, = const. 
The variation of n4 (v) with constant œ, and w,, is also of interest; the 
corresponding graph for one special case is shown in Fig. 118. With fixed 
values of w, and w,, the square of the refractive index becomes infinity at 
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the two frequencies w defined by the equation (23.4a):t 


2 2 2 2\2 
w2, = entot + f Chto ogot cos? a. (23.4c) 


The quantity w?, is never negative, i.e. the two features of n? (œ) remain 
for any values of the parameters œr, wy and «. 





Fic. 118. Dispersion curves of nj, (w) for Fic. 119. Orientation of vectors 
constant wz and wy(w_/w, = 1,4 = 45°) k and H, relative to the 
(Ginzburg, 1960b, section 11) coordinate axes 


The expression (23.2) for the refractive indices is rather complex. It can 
be simplified considerably, however, in two extreme cases—with the so- 
called “quasi-longitudinal” and “quasi-transverse” propagation (Ginz- 
burg, 1960b, section 11) which are realized in a plasma with the conditions 





u sin’ « ;— (1+v)u sin? « 
E —vy)2 = pS Bit os sis 
Teosta Č (1—v}, |1—-~Vucosa| > A=? (23.5) 
and 
usin‘ « 
alee —y)}2 2 
Teosta” (1—v}, tan? a æ» (1+v) (23.6) 
respectively. In the quasi-longitudinal approximation 
v 
n? =1— = 23.7 
ne 1f u|cos «| Can 
in the quasi-transverse approximation 
Bage w(1 — v) eet oe 
ni =l Trae ae 1—v. (23.8) 


f In addition, as seen from (23.2), n? > œ if v > œ (i.e. œ > 0). In this case, 


however, we must allow for the motion of the ions, which was not taken into considera- 
tion when deriving (23.2). 
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Ordinary and extraordinary waves in a magnetoactive plasma, generally 
speaking, are elliptically polarized, the ratio of the electric field compo- 
nents being defined by the following relations: 

Eay — Eaz 


pa 1K, 2, Ea ili, 2, (23.9) 





where the polarization coefficients are 
24/ u (1— v) cos « 


u sin? «+4 u2 sint «+ 4u(1 —v)* cos? « 





Kiı,2 =— 3 (23.10) 





vyu sin a+ Kı, zuv sin « cos a 


Ly a 
]—u—v+uv cos? « 


(23.11) 





Here E,,, E,,, Eaz denote the components of the amplitudes E, of the nor- 
mal waves along the x, y, z axes of a cartesian system of coordinates orien- 
tated relative to k and Ho as shown in Fig. 119; the top sign relates to an 
extraordinary and the bottom one to an ordinary wave. The quantity 
K,,. characterizes the ratio of the axes of the ellipse described by the elec- 
trical vector in a plane orthogonal to the direction of the wave propagation, 
i.e. the degree of ellipticity of normal waves in the plasma: p= tan o = K, , 
(see section 6). In its turn the value of T}, determines the relative magni- 
tude of the longitudinal (with respect to k) component of the electric field. 
Since KiKe = —1, the polarization ellipses of ordinary and extraordinary 
waves are similar, their long axes are at right angles to each other, and the 
signs of the curl of the vectors E are different. This means that ordi- 
nary and extraordinary waves have opposite polarizations. 

With a = a/2 the polarization is linear, the vector Æ in an ordinary wave 
being orientated along the constant magnetic field Ho, whilst in an extra- 
ordinary one it lies in a plane orthogonal to Ho. With a = 0 the polariza- 
tion becomes circular, with clockwise rotation in an extraordinary wave 
and anticlockwise in an ordinary one (if we look in the direction of propa- 
gation). This direction of rotation corresponds to propagation along Ho; 
it is conserved until the wave vector k subtends an acute angle with Ho. 
If the normal waves travel in the opposite direction to Ħo (or the vector k 
subtends an obtuse angle with the direction Ho) the signs of the rotation 
change to the opposite.t 

With an arbitrary angle æ = 0 or w/2 the polarization becomes strictly 
linear only for the value v = 1, remaining elliptical with v = 1. However, 

t In any case the direction of the rotation of the polarization vector in extraordinary 


waves is the same as, and in ordinary ones opposite to, the direction of rotation of the 
electron in a magnetic field. 
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the linear nature of the polarization is preserved over the whole range of 
angles æ were there is quasi-transverse propagation, just as in the case of 
quasi-longitudina] propagation the polarization of ordinary waves is 
close to circular. 
It is significant that ellipticity is also preserved in the change of v to 
zero, when T}, = 0 and 
24u cos « 


(23.12) 
u sin? æ + V u? sint «+ 4u cos? « 


Ki2=- 





The dependence in this case of the ratio of the polarization axes K, , on 
the angle « for different values of the parameter u is shown in Fig. 120.. 


yy 
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Fic. 120. Polarization coefficient K,, , as a function of the angle œ 


When allowing for thermal motion of the electrons (8, ~ 0) in a mag-- 
netoactive plasma there are three normal waves corresponding to three. 
dispersion curves n;(v) (j = I, II, II). These curves are shown in Fig. 121 
for the case of propagation at a small angle to the field Ho. Waves corre-. 
sponding to individual branches of the dispersion curves separated by the- 
circled regions are generally called extraordinary (nî), ordinary (n3) and 
plasma (73). Therefore the suffices 1, 2, 3 in the figure indicate the name of” 
the normal wave and the numbers I, II, III indicate to which of the dis- 
persion curves the normal wave relates. 

In a uniform plasma the regions circled in Fig. 121 are not separated by: 
anything; therefore the division of waves into extraordinary, ordinary and 
plasma waves is very much a convention. In a non-uniform plasma 
there is more justification for this, since the approximation of geometrical 
optics is violated in the above regions where dispersion curves with differ- 
ent numbers approach each other closely. This leads to a coupling of 
different types of waves belonging to different dispersion curves, and to a 
“transition” of waves from one curve to another. Here the individual 
branches of the dispersion curves are physically separated since they are 
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connected with different geometrical optics solutions on different sides of 
the interaction regions in which these solutions lose their force (see sections 
24 and 25). 

It is clear from a comparison of the dispersion curves in Figs. 117 and 
121 that thermal motion has a noticeable effect only on the nature of 
nê (v) in the region where n}(v) >> 1, leading to the appearance of plasma 
waves; with B,, = 0 the plasma branch of the dispersion curves corre- 
sponds to the high values of the refractive index near the poles (23.4) of the 
function n, ,(v). In the remaining regions any change in the nature of the 
waves’ propagation (value of the refractive index, polarization coefficients) 


| 
Kasa 
A Si 4 
$ 












1 
ni 
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Fic. 121. Dispersion curves nĝ(v) (j = I, II, IN) with allowance made for 

thermal motion in the plasma (æ « 1): (a) u < 1; (b) u > 1. The circles show 

the regions of wave coupling and the thin lines show the function n3(v) in 

the case of purely longitudinal propagation. The notations c;, dz, etc. intro- 
duced here will be used in section 25 


because of thermal motion is, as a rule, of little significance and in the 
majority of cases it can be neglected. 

We notice that a magnetoactive plasma is analogous to an isotropic 
one in the respect that in both media three normal waves can be propagated 
in a given direction that differ in the nature of their polarization. The dif- 
ference (and it is very significant) is as follows: with Ho = 0 the refractive 
indices of all waves in the general case are different, whilst with Ho = 0 
two refractive indices (for transverse electromagnetic waves) are the 
same. That is why in an isotropic plasma the polarization of transverse 
normal waves may be any polarization (provided that it is opposite); in 
a magnetoactive plasma, on the contrary, the polarization is strictly fixed. 
When the magnetic field approaches zero the refractive indices of the ordi- 
nary and extraordinary waves come closer to each other and the latter 
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change into the transverse electromagnetic waves characteristic of an 
isotropic plasma; in just the same way the plasma waves of a magnetoactive 
medium change into the plasma waves of an isotropic medium. 


WAVES IN A NON-UNIFORM MAGNETOACTIVE PLASMA 


The dispersion curves in Figs. 117 and 121 provide (with an appropriate 
change in scale) the function ni(z) in a non-uniform plane-layered plasma 
if v = grad v-z and grad v = const, u = const (linear layer). If v(z) is a 
non-linear function but one that rises monotonically together with z, then 
the general nature of the dispersion curves (the relative position of the 
zeroes and the poles of ni, the regions of interaction between the different 
types of waves) are preserved without any change. 

Furthermore, in the case when v(z) is a non-monotonic function that 
reaches its maximum value Vmax at a point z = z,,,, and drops smoothly 
to zero as z moves away from z,,,,, the behaviour of 7(z) will become more 
complex. In general it will be similar to that shown in Figs. 117 and 121 
when v changes from 0 to v,,,, (over the range Z <z,,,,); the further progress 
of 72(z) can be judged by making a mirror reflection of the curves n$(v) in 
the range 0 < v < Vmax relative to the line v = Vmax. This case is of interest 
for planetary ionospheres where the variation in the field Ho in the thick- 
ness of the layer can be neglected. 

As in an isotropic plasma, in a non-uniform medium with Hy # 0 the 
reflection of waves being propagated along the concentration gradient 
(grad £) occurs in the vicinity of the points where ny = 0 (23.3). With 
inclined incidence of the wave onto the layer the change in direction of 
the wave vector & is determined as before by the refraction law (22.28);t 
however, n; should now be taken from the dispersion equation (23.1). 
In accordance with (22.28), with incidence of the waves at an angle the 
reflection points move into a region with lower values of v, where nè > 0. 

When analysing the conditions for the propagation of radio waves in 
the solar corona outside the active regions the effect of the magnetic field 
need not be taken into consideration (as was done above when discussing 
the form of rays in a spherically symmetrical corona), since the overall 
magnetic field of the Sun is small enough (Ho ~ 1 oe). With this kind of 
field strength 4/u = @ g/w « 1 for frequencies of f >> 3 Mc/s (å < 100 m) 
and the refractive indices ni ,(v) defined by the dispersion equation (23.1) 


t In a magnetoactive plasma the direction of the vector k no longer determines the 
direction of the ray since the group velocity vector V,, = dw/dk is orientated here at 
an angle to the vector &. Therefore the calculations of wave trajectories in a magneto- 
active plasma are considerably complicated; the configuration of the rays for certain 
special cases is given by Ginzburg (1960b, section 29). 
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(valid only for fi, < 1) change in practice into (22.17) and (22.19). How- 
ever, in active regions of the corona above sunspots the part played by mag- 
netic fields becomes very significant since here the cases w,/m ~ 1 and even 
@,,/@ >> 1 may easily be realized. For example, in the metric waveband at 
frequencies of f ~ 100 Mc/s values of Ho = 30 oe are sufficient for this. 

Any investigation of the propagation of electromagnetic waves in the 
corona above centres of activity is further complicated by the fact that 
the electron concentration N (i.e. v) and the magnetic field Ho (i.e. u) vary 
from point to point. At the same time when drawing the graphs given in the 
preceding section it was assumed that u = const; therefore they do not 
reflect the true behaviour of the refractive index in the regions indicated in 








Fic. 122. Curves of 2, (R) in the coronal plasma above a spot (« = 0): (a) 
Ho, = 2:5X10° oe; (b) Hos = 25X10? oe (Ginzburg and Zheleznyakov, 
1959a) 


the corona. In actual fact the distribution of the values of nį in the corona 
when the magnetic field is taken into consideration will be very complex. 
In order to get an idea of this distribution, let us examine, following 
Ginzburg and Zheleznyakov (1959a, 1958a and 1959b), the most simple 
case—the dependence of n? on the altitude h = R—R, above the photo- 
sphere on the axis of a unipolar sunspot, the model of whose magnetic 
field has been described in section 2 (see (2.1) ). It is assumed here that the 
electron concentration N in the corona is given by the Baumbach-—Allen 
formula (1.1). 

Graphs of nj (R) in the corona with no allowance made for thermal 
motion are plotted in Figs. 122-4 for a frequency œ = 27 X 108 sec™4, a mag- 
netic pole area of zb? = zX 10!® cm? (which is equal to the area of a large 
spot in order of magnitude) and several fixed values for the magnetic field 
at the centre of the spot Hy, and the angle æ between Ho and k. 
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Fic. 123. The same as Fig. 122 for « = 15°: (a) Hos = 2:5X10° oe; 
(b) Hy, = 2:5X 10? oe (Ginzburg and Zheleznyakov, 1959a) 





Fic. 124. The same as Fig. 122 for æ = 90°: (a) Hos = 2°5X10° oe; 
(b) Hy, = 2:°5X10? oe (Ginzburg and Zheleznyakov, 1959a) 





Kia, 125, Curves of n?(R) in a coronal plasma (@ = 15°): (a) in the presence 
of a weak magnetic field (H, = 25 oe); (b) without a magnetic field 
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The change to an isotropic coronal plasma is illustrated in Figs. 125 a, b. 
The first of them shows the function ni(R) in a weak magnetic field with 
Ho, = 25 oe (allowing for thermal motion in the quasi-hydrodynamic 
approximation). The second figure shows graphs of ny(R) for the same con- 
centration N(R) but in the absence of a magnetic field. In accordance with 
what we have said earlier, in a weak enough magnetic field the plasma wave 
branch 7§ corresponds in all its properties to the dispersion curve nž in an 
isotropic coronal plasma.t 

The difference between the behaviour of the dispersion curves ni(R) in 
Figs. 123 a, b is connected with the fact that in the model of a spot with 
a strong magnetic field (Fig. 123a) the a, = œ level is higher than the layer 
where w, = w, whilst in the case of Fig. 123b, which was plotted for a model 
of a spot with a weaker magnetic field, the relative position of the levels 
is reversed. Thanks to this in the first model coupling between normal 
waves of different types occurs in the region where wp > œ (i.e. u > 1, asin 
the case shown in Figs. 117b, 121b); in the second model the coupling 
region is located in a layer for which wy = ø% (i.e. u < 1; compare Figs. 
117a, 121a). It should be noted that this difference in the nature of the dis- 
persion curves above spots with strong and weak magnetic fields holds only 
for intermediate values of the angle æ; witha = 0 and a = 2/2 any change 
in the magnitude of the magnetic field does not lead to any qualitative 
adjustment of the dispersion curves (see Figs. 122 and 124). 

The refractive index n,(R) with B,, = 0 becomes infinity in the layers of 
the corona for which the relation (23.4) is valid. From it follows the fact 
that at small angles æ the quantity n?(R) has two poles at the u ~ 1 and 
v = I levels (see Fig. 123). It is easy to check by means of (23.4) that as 
the angle æ increases the pole located closer to the photosphere and 
belonging to the ordinary wave moves into the inner layers of the corona 
and then disappears. On the other hand, the pole for the extraordinary 
wave that is further away from the solar surface exists for any angle «; 
as the latter increases it moves into the outer layers of the corona. For 
æ = 2/2 this pole is located at the level 1—u—v = 0, i.e. in the region where 
u<lwu<l. 

For an extraordinary wave in the layer enclosed by the pole and located 
above (with v = 1—+/y) the zero of the function n{(R) the values of the 
latter are negative (i.e. the refractive index nı is imaginary and the wave 
in this case is attenuated exponentially). This means that emission which is 


+ Figures 122-5 give a correct idea of the nature of the dispersion curves in the corona 
even with more general assumptions about the behaviour of N and H, than (1.1) and 
(2.1); all that is necessary is that N and H, in the corona should decrease monotonically 
as we move away from the photosphere. 
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generated in regions of the corona lying below the zero of n? (below the 
level v = 1—4/y) cannot in practice escape from the corona into the space 
around the Sun in the form of extraordinary waves. 

The conclusion about the impossibility of escape of emissionin the form 
of extraordinary waves from regions of the corona in which v > 1—4/u 
does not depend within broad limits on the actual distribution of N and 
Ho in the corona; all that is necessary is that the extent of the layer in 
which n? < 0 should not be too small, since otherwise the attenuation of 
the wave will become insufficient and extraordinary emission will escape 
from the region v > 1—+/y because of strong “leakage” through the 
n? < 0 layer. As a detailed treatment of this question (which we shall not 
stop to do) shows, the “leakage” phenomenon is insignificant in the condi- 
tions of a stationary solar corona, although it may play an important part 
with the appearance of splits in the corona of the shock wave type. 

Unlike the extraordinary emission which can escape beyond the solar 
corona only from regions located above the level v= 1—+/y (where n? = 0), 
the region for direct escape of ordinary waves is more extensive: it is 
limited below by the layer in which v = 1 (and n? = 0). The electro- 
magnetic waves corresponding to the other branches of the dispersion 
curves (in particular those located in the v > 1 layers) may escape from 
the corona in the form of ordinary emission only because of the coupling 
effect between different types of waves (ordinary and extraordinary)? in 
the region v ~ 1; as shown in section 25, this effect is generally noticeable 
only with wave propagation at small angles to the direction of the magnetic 
field H ot 


FARADAY EFFECT IN THE SOLAR CORONA 

Electromagnetic emission in a plasma may be non-polarized or polarized 
(wholly or partly). Unpolarized (naturally polarized) emission is a super- 
position of non-coherent waves with opposite polarizations; in a magneto- 
active plasma it is convenient to take normal waves (ordinary and extra- 
ordinary) as these waves, which corresponds to a physical statement of the 
problem. In its turn wholly polarized emission, i.e. emission with an entirely 
definite polarization (generally speaking, different from the polarization 
of normal waves in a plasma) can be broken down into a collection of 
coherent normal waves (ordinary and extraordinary). The polarization of 

t Between ordinary, extraordinary and plasma waves when thermal motion is taken 
into consideration. 

t As can be seen from Fig. 123a the “leakage” phenomenon can in principle also 
occur for ordinary waves (in the layer between n3 = 0 and nį = — œ, where nå < 0 


and the waves are exponentially attenuated). The part it plays in a stationary solar 
corona is just as small as for extraordinary waves. 
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this kind of emission may simply be the same as the polarization of one 
of the normal waves in a magnetoactive plasma. The partly polarized emis- 
sion is composed of a purely polarized component with the properties 
indicated above and a completely independent (non-coherent with it) 
naturally polarized component (see Chandrasekar 1953, section 15). 

We notice that whether the polarization coefficients of the wholly polar- 
ized emission (or polarized component of partly polarized emission) are 
‘different from or the same as the polarization coefficients (23.10), (23.11) 
of normal waves is obviously determined by the properties of the emitting 
object and the actual conditions in the radio wave propagation path (in 
particular by the interaction of different types of waves). Section 24 is 
‘devoted to a study of the part played by interaction in changing the polari- 
zation of radio waves (see also section 25); here we shall examine in the 
approximation of geometrical optics certain effects which are connected 
‘with the passage of polarized emission through a magnetoactive plasma. 

Let the polarized emission be reduced to a single normal wave (ordinary 
‘or extraordinary); then its polarization coefficients in a non-uniform plasma 
are the same as (23.10), (23.11). If the emission is propagated in accordance 
with the laws of geometrical optics, then the polarization of ordinary and 
extraordinary waves escaping beyond the corona (into the region v « 1, 
u < 1) will in practice be circular for all angles æ with the exception of 
a = 2/2 (see (23.12) ). On the other hand, under the conditions of planetary 
ionospheres the polarization of normal waves on leaving the plasma may 
remain elliptical since u < 1 does not have to be the case here in the vicinity 
of the planet with v < 1. This is actually connected with the fact that the 
concentration of particles in the ionosphere falls more rapidly as we move 
away from the planetary surface than does the magnetic field; in the ex- 
tensive solar corona the position is apparently otherwise. 

However, according to Chapter IV, elliptical polarization is sometimes 
recorded when studying certain components of the Sun’s sporadic radio 
emission (microwave bursts, types I and III bursts). It can obviously be 
assumed that in these cases it is not one circularly polarized wave (ordinary 
or extraordinary) that is escaping beyond the corona, but two coherent 
waves whose superposition does provide elliptically polarized emission. 
The coherent waves may occur in the emission source itself or in inter- 
action regions where there is a partial change of waves of one type into 
another. 

When a wave of one type is propagated in a non-uniform plasma the 
orientation of the polarization ellipse relative to the direction of propaga- 
tion is determined only by the direction of the magnetic field Ho; in a 
smoothly non-uniform medium the polarization ellipse either keeps a fixed 
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position along the ray, or turns slowly in accordance with the orientation of 
the vector Hp. It is a different matter if ordinary and extraordinary waves 
with different refractive indices (different phase velocity) which are coherent 
with each other are being propagated in the plasma. Since in this case the: 
orientation of the resultant polarization ellipse is determined not only by 
the form and orientation of the ordinary and extraordinary ellipses, but 
also by the phase shift between them, any change in the latter along the 
direction of propagation will lead (under certain conditions) to rotation: 
of the resultant polarization ellipse in the process of propagation of the 
waves in the plasma—the Faraday effect. This effect as applied to the 
Earth’s ionosphere is discussed briefly in section 7; here we shall discuss 
it in greater detail. 

Let us assume that polarized emission with a polarization ellipse not: 
corresponding to normal waves is coming from acertainregionin a plasma.. 
Then the emission is propagated further in the form of two coherent waves: 
(extraordinary and ordinary) whose electrical vectors in the plane x, y 
orthogonal to the wave vector & can be written as follows: 


x = asin (wf), E, = ap cos (wt) 
and 


E, = bp sin (wt—y), E, = —b cos (@t—y). 


Here a and b characterize the amplitudes of the extraordinary and ordinary 
waves, y is the phase shift between them, p = K3 is the ellipticity of the 
extraordinary wave. In accordance with (23.10), — 1 = K, = 0; the expres- 
sions given allow for the fact that the ellipticity of an ordinary wave in a. 
plasma is Kz = —1/Kı. 

Then the electric field components E, and E, in the emission in question. 
vary in time as 


E, = asin (wt)+ bp sin (wt—y) = Asin(wt— F), 


l (23.13) 
E, = ap cos (wt)—b cos (@t—y) = B sin (wt—9), 


where 
A? = a? + bp? + 2abp cos y, 
B? = a?+ b?p? — 2abp cosy, 
bp sin y ap — b cos y 
a+bp cosy b siny 


(23.14) 


tan ¥ = , tan®ð = 


The ellipse defined by the relations (23.13), (23.14) is orientated at an angle: 
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x to the coordinate axis x and has a ratio of the half-axes tan ø, where 


2AB cos (¥—®) 
Az— B2 d 





tan (2%) = 





A? + B2 +4/(B2— A®)? + 442B? cos? (P-D) 


tan? o = 7, . 
A? + B® — vy (B? — A)? + 442 B? cos? (P — D) 








Substituting in this the expressions for 4, B, ¥ and ® (23.14) we obtain 
(Hatanaka, 1956): 





1 2 i 
tan (2%) = +2 n — ane , (23.15) 
(z) E +4cosy 
and 
2 g2 a S 
sin (20) = sy 2 eh aN IOS . (23.16) 


(a? +b”) (p~*—p) 


The phase difference between the ordinary and extraordinary compo- 
nents of the emission that is acquired as the waves are propagated a distance 
Lalong k is 


Ay = 2 forz dl. (23.17) 
L 


In the process of the radiation passing through a region where the sign of 
the difference na—nı is constant the quantity 


y = pot Ay, (23.18) 


where wo is the initial phase difference, rises monotonically; here the orien- 
tation and ratio of the axes of the resultant polarization ellipse vary in 
accordance with the expressions (23.15) and (23.16). If the position of the 
original ellipse is characterized by the angle yo, then the ellipse of a wave 
travelling along a path L in the plasma will be orientated at an angle 


% = yo+ Ax. (23.19) 


In the simplest and often realized case of quasi-longitudinal propaga- 
tion, when the polarization of the ordinary and extraordinary waves is 
close to circular (i.e. p ~ —1), the degree of ellipticity of the radiation 
mains constant, and the rotation of the resultant ellipse is described by 
the linear relation 


Ay = A (23.20) 
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This is a consequence of the equality tan (2y) = tan py to which (23.15) is 
reduced in this case. 

To find the explicit expression that connects the magnitude of the 
Faraday rotation Ay with the parameters of the plasma and the frequency 
of the wave, we recall that, in accordance with (23.7), in the quasi-longi- 
tudinal approximation with w, cosa/w « 1 





_m-n 2 of on 
"om = atm natn w? w cosa 
Thent 
1 co? Wy COS 4-7-104 f NHocosa 
x = | —— d = — —_ | — dl .21 
At ee | m+n a fe m+n dan 


where f is in c/s, N in electrons/cm?, Ho in oe and dl in cm. It follows from 
(23.21) that with nı ~ na ~ 1 (i.e. in a fairly rarefied plasma) the angle 
Ay is in inverse proportion to the square of the frequency f. 

By using this formula it is not hard to see that the Faraday effect with 
quasi-longitudinal propagation in the solar corona is very great. In actual 
fact, even taking low estimates for the electron concentration, the magnetic 
fields and the extent of the “trajectory” of the radio waves in the corona 
(N ~ 108 electrons/cm?, Ho ~ 2 oe, L ~ 10! cm) Ay ~ 10% f~? radian, 
whilst under the conditions of the Earth’s ionosphere 4y is six orders less. 
It follows from this that in the corona Ay S 1 at wavelengths of à < 0-1 
cm and rises rapidly with the wavelength, reaching values of the order of 
104 at A ~ 10 cm and 10° at A ~ 1 m. In actual fact the magnitude of the 
rotation in the corona (particularly above centres of activity with higher 
values of N and Ho) may be much higher. 

We notice that in the case when the propagation is not quasi-longitudinal 
and the polarization of the ordinary and extraordinary waves becomes 
elliptical (p + — 1), instead of the simple relation (23.20) we must use the 
more complex formula (23.15). An analysis of it shows that with p # —1 
the Faraday rotation becomes uneven, although with a change in 4y by an 
amount much greater than 2x the mean change in 4y is as before the same 
as Ay/2. The unevenness of the rotation increases as the degree of ellipticity 
grows (as |p| decreases) and finally, when 


a b 


S > 4, (23.22) 








ie 
P 





t This formula is obtained here for the case when cos « > 0. It is not hard to see 
that the formula (23.21) also remains valid for cos œ < 0, when the types of waves 
responsible for clockwise (right-handed) and anticlockwise (left-handed) polarization 
change places. 
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i.e. when the polarization ellipse of the normal waves differs enough from 
a circle and the ratio of the amplitudes of these waves differs enough from 
unity, rotation of the ellipse is replaced by its oscillation with an amplitude 
with respect to y of not more than 7/4. 

It must be pointed out that no attention is generally paid to this fact 
although it follows directly from the formula (23.15); in the case of (23.22) 
the right-hand side of (23.15) remains finite for any y, whilst when the 
ellipse rotates, i.e. when y passes through the values —2/4, +2/4, +37/4, 
etc., both sides of the equation should become infinity. Then, provided that 


a b 


b 


1+ p? 








as can easily be seen, the right-hand side of (23.15) becomes much less than 
unity; then y takes up a fixed value: 








= 1+p? siny 
y= T- a b (23.24) 
b a 


or differs from (23.24) by an amount equal to or a multiple of 2/2.t 


DEPOLARIZING FACTORS AND THE QUESTION OF ELLIPTICAL POLARIZATION 
OF CERTAIN BURSTS OF SOLAR RADIO EMISSION 

It is clear from what has been said that the angle y is a function of the 
path L travelled by the emission in an actively rotating medium. If the 
values of L are scattered in a narrow range AL near the mean value Lo 
(for example, because of the finite size of the emission source), then the 
orientation of the polarization ellipse can be given in the form 


(Ayx) 


x(L) = x(Lo) + FL 








(L— Lo). (23.25) 
L=Lp 


Then the orientation of the polarization ellipses for waves originating 
from different points of the generation region will be contained in the 
range 


by ~ PAD 


T AL. (23.26) 


L=Ly 





+ The fixed orientation of the polarization ellipse of the radiation in the case of 
(23.23) (with an accuracy of up to small oscillations relative to the position correspond- 
ing to the polarization ellipse of an ordinary or an extraordinary wave) is quite natural: 
the superimposing of the ellipse of a strong wave ellipse on that of a weak wave cannot 
make any significant alteration to the orientation of the resultant ellipse. 
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For a Ay that can be described by the expression (23.21) this relation be- 
comes the following (for nı = ne ~ 1): 
rues 4-7-104 
P 

Here the product NHo cos æ relates to the region occupied by the source. 
It is clear that owing to the Faraday effect in this region elliptically polar- 
ized emission will escape beyond the latter only if ôg < 1; in the opposite 
case the strong scatter in the ellipse orientations leads to a sharp reduction 
in the degree of linear polarization o; of the emission. Under generation 
conditions of this kind elliptically polarized emission becomes circularly 
polarized.t 

The condition ôy < 1 imposes rigid limitations on the size of sources in 
the solar corona: 


NH cos« AL. (23.27) 


f? 
AL S F7-10INHo cosa." a 
In the centimetric band (f ~ 10% c/s) with very modest values of N ~ 10° 
electrons/cm? and Ho cosa ~ 10 oe the value is AL S$ 2X10® cm; at 
metric wavelengths it is two orders less. 

Since the sizes of solar radio emission sources as a rule exceed these 
values of AL, depolarization because of the Faraday effect in the source 
will be practically complete, i.e. the sum of the elliptically polarized com- 
ponents is circularly polarized emission. This result is a full explanation 
of why circular polarization is generally observed during the reception of 
solar radio emission. In the comparatively rare cases when the ellipse of 
the recorded emission differs noticeably from a circle it can be assumed 
that the Faraday effect is in fact insignificant in the source. This is obvi- 
ously caused by a difference in the efficiency of the generation or escape of 
extraordinary and ordinary waves beyond the source, so in practice there 
are only waves of one type making up the polarized part of the emission. 
In the first case rotation of the polarization ellipse does not generally 
occur in the source since the condition (23.22) will be satisfied because of 
the very small ratio of the intensities of the two types of waves; in the 
second case no kind of Faraday effect can appear in the region indicated 
since the propagation region of one of the normal waves is localized near 
the source. 

As well as the depolarizing factor we have discussed, which is connected 
with the finite size of the source (or the different propagation paths of 


t This depolarization process has been investigated (as applied to cosmic radio 
emission) by Getmantsev and Razin (1956); Razin (1956). 
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ordinary and extraordinary waves), there is a second factor which acts in 
the same direction and is caused by the finite bandwidth of the receiving 
equipment. In actual fact, it is clear from the above that the angle y is a 
function of the frequency f even in the case that the original orientation 
of the polarization ellipse yo does not depend on f. Ina narrow frequency 
range, for example in the polarimeter band Af,, the angle y can be repre- 
sented in the form 

a(x) 

of 


where fo is the working frequency of the equipment. Then the dispersion 
change in the orientation y of the resultant ellipse in this band is 


a(4y) 
of 


In particular, with quasi-longitudinal propagation in the region nı ~ ne 
~ 1, when Ay ~ f~? (see (23.21)), the coefficient O(4)/Of|,_,, =—2fo Ax 
(f = fo), and the change in the magnitude of y in the band Af, is 


8y ~ fs) Af = fo) Sf (23.31) 


Because of the difference in the positions of the ellipse at different 
frequencies the observed polarization of the emission will differ from the 
original by its lower degree of polarization ọ and the greater ratio of the 
axes of the ellipse |p]. These effects as applied to the ionosphere have 
already been discussed in section 7; there, however, they were not discussed 
in detail since the Faraday rotation in the ionosphere at the frequencies of 
interest to us is not too great and the effect of dispersion of the orienta- 
tions dy on the values of o and p can be reduced to nothing in the majority 
of cases with slight limitations on the polarimeter bandwidth. 

These effects stand out more clearly in the solar corona because of the 
strong rotation of the plane of polarization. For example, if at A ~ 1 m 
Ay ~ 10° radians, then the dispersion ôy, in accordance with (23.31), will 
be much less than unity only in the very narrow band 4f, « 150 c/s, 
which is not achieved in present-day polarization measurements. This 
leads to the necessity for allowing strictly for effects connected with the 
dispersion of the Faraday rotation in the solar corona. In discussing this 
question we shall follow Akabane and Cohen (1961) (see also Cohen 
(1958a)). 

We first introduce the complex function 

Q+iU 
4 = [pape 


L) = xO) + G — Po). (23.29) 


f=So 








Afo. (23.30) 
S=fo 


oy ~ 








(23.32) 


336 


§ 23] Waves in a Magnetoactive Coronal Plasma 


which can be reduced to the form 


= ey > 2 
G= Ge", G= aon (23.33) 


if we substitute the expressions (6.2) for the Stokes parameters /, Q, U, V 
in (23.32). Here 9 characterizes the degree of polarization and p = tan ø 
the ellipticity of the radio emission. The modulus @ is equal to zero for 
unpolarized emission and unity for wholly polarized emission. 

On the other hand, by using the relations (6.12) @ can be written as 
follows: ——_— 

+ i = Eo, E: 

G@=Ge", G= i as ; (23.34) 


According to (6.15) the real part of @ is the same as the correlation 
coefficient (to = 0) between the radio emission components with clock- 
wise and anticlockwise polarization, whilst the modulus G;-usually called 
the “degree of coherency” of the circular components, is equal to the 
amplitude of the correlation function G(to). 

The Stokes parameters measured by a polarimeter are actually the result 
of integrating the corresponding quantities (6.2) related to a unit range of 
frequencies over the equipment bandwidth: 


I= F KOIA, 0 = T KO) ol cos (200) cos (2x) df, | 
U = a K(f) ef cos (209) sin (2x) df, (23.35) 


P= J Kelsin Qo af 


Here Z is the spectral density of the received radio-emission intensity, do 
is the characteristic of the original ellipticity of the radio emission in the 
source, K(f) is the frequency response of the polarimeter. The width of 
the function K(f) determines the effective frequency band Af, of the equip- 
ment; we shall assume that K(f) is standardized so that 


T Kap = 1. 


Unless Af, is too large I and ọ in (23.35) can be removed from the in- 
tegrand with values of Io, Co at the working frequency fo. Since oo together 
with yo, by assumption, is not frequency-dependent within the limits of 
Af, we obtain: 
+o 
I= lo Q = golocos (200) f K(f)cos (2x) df, 
ee FS (23.36) 
U = golocos (200) | K(f)sin (2%) df, V = oolosin (200). 
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Substituting the last expressions in (23.32) and remembering the relations 
(23.29) we find 





; h 8(42) 
cos (209) e2!*(0) L, Sf) 

G= i= ez aa o So f Kfje Y We" df. (23.37) 
‘The factor in front of the integral obviously corresponds to the value 
G = Go, which corresponds to an infinitely narrow band 4f,; at the same 
time it differs by a factor of only e”4*) from the value of the function 4 
in the radio emission source. The relation (23.37) can be written in the 
simpler form 


G = Go r F(x) e** dx, (23.38) 
where 
x= ree Da FG) ok ) Ns (23.39) 


and dy is defined by the relation (23.30). 

Therefore the function @ for a finite frequency band in which the orien- 
tation of the polarization ellipse changes by dy can be obtained by mul- 
tiplying o by a Fourier-transformed non-dimensional frequency charac- 
teristic of the polarimeter F(x). In particular, if the latter takes the form of 
a Gaussian curve 





1 2 
F(x) =—=e™”, (23.40) 
a/n 
then 
G@=Gie™, Gr= Gre. (23.41) 


Let us now see how the degree of polarization go and the ellipticity po = 
tan oo alters when we change to a finite frequency band. To do this we 
use the relations (23.33) for the function @ and (6.2), (23.36) for the 
parameter V. It follows from the first relation that 


~ g cos (20) = Qo Cos (200) 
G= Em0 P i asin Coo” 
whilst according to (6.2), (23.36)t 
esin (26) = go Sin (206). 


t Since @ sin (20) is equal to e,—the degree of the circular polarization of the radio 
emission (see (6.16))—the relation 9 sin (20) = eù, sin (2¢,) indicates that the dispersion 
of the Faraday rotation does not affect its magnitude in any way. All change in the 
degree of total polarization 9 = +/o?+@? occurs because of a decrease in the linear 
polarization ọ, 
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Combining these equations we obtain: 


o = o A + sin? (200) ( = a \} (23.42) 


0 0 











2 
tan? (20) = tan? (200) g : (23.43) 
ZB 

The nature of the radio emission depolarization defined by the formulae 
(23.42), (23.43) can be judged from Fig. 126 in which the contours of con- 


stant values of the ratio g /Gol and the original ellipticity Po are plotted in 


the plane @/09 and p. Above the lines with the values of IG/Gol are also 
indicated the corresponding dispersions of the ellipse orientations ôy for 
the Gaussian form of the frequency response of the receiving apparatus 
(23.40). Unless the radio emission passes through a magnetoactive plasma 
or the frequency band Af, approaches zero, the character of the polariza- 
tion is determined by a point on the line ôy = 0 corresponding to the given 


value of po. Here the ratios G/Go, 0/00 and p/po are obviously equal to 
unity. While the emission passes through the medium or as the frequency 
band increases the mapping point moves down along the line po = const, 


accompanied by a corresponding decrease in G/Go, e/eo and p/po. The 
effect of dispersion of the rotation in the medium has less effect on radio 
emission with large po values and disappears completely for emission that 
was originally circularly polarized (po = 1).t 

Polarization observations of solar radio emission with one value of the 
band Af, allow us to establish only the upper limits for the dispersion dy 
of the angle of rotation and the value of the angle of rotation Ay itself. 


Therefore measurements of the quantities G and ọ determine only the 
lower limits and measurements of p the upper limits for the corresponding 


values of Go, Qo and po in the emission source. 

The position, however, changes in the case of simultaneous measure- 
ments of polarization in two bands Af, and Af, near the frequency fo 
(áf; < Af, ). In actual fact we then have: 


nae 
($) = eK V-EN, 


fe i i 


t It is worth stressing that because of the complete analogy of the formulae (23.25), 
(23.26) on the one hand and (23.29), (23.30) on the other the relations (23.38), (23.41)- 
(23.43) obtained can be transferred en bioc to the case of depolarization caused by the 
finite dimensions of the source. Here x should be taken to mean the quantity 2(L— 
Lo)/ AL, F(x) to mean the function K(L)AL/2 in which K(L) characterizes the distribu- 
tion of the emission intensity over the source. Further, dy is then defined by the relation 
(23.27); @9 and po have the meaning of the degree of polarization and the ellipticity of 
the emission generated by an individual element of the source. 
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where the primes and double primes relate to a narrow and a broad band 
respectively. Since dy ac Af,, 


(2) seen (>) (23.44) 


a at 


In the relation (23.44) the bands 4f; and Af, are known and g and g” are 
measured. This allows us to find the quantity dy’, and then calculate by 


means of (23.41). It is not hard to find 9o, po from the ratio g /Goand the 
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Fic. 126. Depolarization of emission because of dispersion of angle of Fara- 
day rotation in a plasma (Akabane and Cohen, 1961) 


measured values of o, p (see (23.42), (23.43)). The rotation Ay of the 
polarization ellipse in the corona at a frequency fo on the assumption of 
quasi-longitudinal propagation is then estimated (proceeding from the 
values of ôx’, Af;) from the formula (23.31). 

Judging from the preliminary data given in section 14 on simultaneous 
measurements of the degree of coherency G in the bands Jf; = 10 kc/s 
and Af, = 22 kc/s near the frequency fo = 200 Mc/s, the ratio g” Iĝ in 
the radio emission of type III bursts is 0-6-0-8 with ag’ of not more than 
0-3.t Insufficient observational accuracy made it impossible to obtain in- 
formation on the smaller values of g” /@’. If we assume that the observed 
decrease in the degree of coherency is connected with the frequency dis- 
persion of the Faraday rotation in the solar corona, then the above values 


t The exponential decrease in the degree of coherency as ôy rises, i.e. as the frequency 
band 4f, increases, explains the fact that the observations in the 4f, = 300 kc/s band 
did not reveal any difference of £ from zero within the limits of the measurement ac- 
curacy achieved. 
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of the ratio g” lg and the quantities g correspond, in accordance with 
what has been said above, to ôy’ ~ 0-7-0-5 radian, @ < 0:34-0:32 and 
Ay ~ (1°5-1-0) X 104 radians. 

The value obtained for the total rotation of the orientation of the polar- 
ization ellipse Ay on its path from the radio emission source in the corona 
to the observation point on Earth is about two orders less than the expect- 
ed value (on the assumption that the Faraday effect operates in the lower 
corona from the time the emission escapes beyond the generation region). 
The validity of what we have been saying is easy to check if we turn 
to the estimates of Ay in the preceding sub-section. An even larger 
difference—of about four orders of magnitude—occurs for the elliptically 
polarized type III bursts which, to judge from Komesaroff’s report, he 
observed at frequencies of 40-70 Mc/s with equipment having a 0-5 Mc/s 
band (see section 14). Here the Faraday effect must not exceed 40-70 
radians for recording elliptical polarization. Recording of elliptical polari- 
zation of type I bursts at a frequency of 200 Mc/s with a polarimeter with 
a 100 ke/s band (section 12) was possible only provided that the angle of 
rotation in the corona was Ay < 10° radians.t 

A similar position obtains not only in the metric band: for the elliptically 
polarized microwave bursts found by Akabane (fo = 9500 Mc/s, Af, = 
8 Mc/s (Akabane, 1958b; Cohen, 1960)) the required quantity Ay is less 
than 6X 10? radians, and estimated by the formula (23.21) for N ~ 2x 108 
electrons/cm?, Hy ~ 10 oe and L ~ 10° cm is about 104 radians. This 
estimate is apparently still slightly too low since the strength of the mag- 
netic field in a centre of activity above flocculi may be more than 10 oe. 

What is the reason for this discrepancy? Since no basis can be seen for 
a re-examination of the estimates of the phase shift Ap that are too low 
between waves of different types that they acquire as they are propagated 
from the source to the exit from the corona, it can be stated that the 
comparatively small values of 4y obtained from an analysis of the 
results of observations of elliptically polarized bursts definitely indicate 
the absence of any Faraday effect over the majority of the wave tra- 
jectory in the corona. This kind of situation is created if the condition 
(23.22) is satisfied over the whole of the ray in the corona, the rotation of 
the polarization ellipse being replaced by its oscillation about a fixed 
angle y. 

If the intensities of ordinary waves leaving the generation region that 
are coherent between each other are comparable in value, then the criterion 
(23.22) is observed only in the case when the polarization of the normal 


t These conditions for 4y are obtained from the requirement that dy (23.31) should 
be less than unity. 
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waves differs sufficiently from circular and the propagation from quasi- 
longitudinal. This usually occurs in a small range of angles œ near 2/2 
(with u « 1, 1—v ~ 1, which is known to obtain over the majority of the 
ray in the corona). Therefore in the case under discussion for the action 
of the Faraday effect to cease, the emission must be propagated in the 
corona almost across the magnetic field; that of course, is of little prob- 
ability.t 

Another, apparently more probable cause of the very limited action 
of the Faraday effect in the corona is that the intensities of the ordinary 
and extraordinary waves making up the polarized component of the radio 
emission leaving the generation region differ sharply (i.e. the polarized part 
of the emission is actually a wave of one type). In this case, however, cir- 
cularly polarized emission should leave the corona provided that it does not 
pass on the way through a region of interaction and the partial transforma- 
tion of one type of wave into another. Coherent ordinary and extraordinary 
waves leaving this region will provide the observed ellipticity in the radio 
emission of certain bursts. At the same time the Faraday rotation of the 
resultant polarization ellipse becomes (according to the experimental data) 
small enough if the interaction region in question is located in high enough 
layers of the corona. It will be shown in section 24 that the necessary 
transformation occurs as the result of waves passing through a transverse 
magnetic field region. 

If in the first case it was necessary, in order to explain the observed 
degree of ellipticity, that the radio emission intersects the magnetic lines 
of force at angles ofa ~ 2/2 over practically the whole path from the source 
to the exit from the corona, then the second possibility requires far less: 
all it needs is the existence on the ray path of a local layer where the case 
of transverse propagation obtains (with very special values of the para- 
meters of this layer, it is true; for further detail see section 24). 


24. Coupling of Electromagnetic Waves in a Plasma and Polariza- 
tion of Solar Radio Emission 


In the preceding section we have explained that during propagation 
in a non-uniform plasma the polarization of ordinary and extraordinary 
waves changes in accordance with the formulae (23.10) and (23.11) if we 
look upon the parameters v = w?/w*, u = w?,/w? and the angle æ figuring 


+ In particular the criterion for the absence of the Faraday effect has to be satisfied 
here even in the actual source of the emission. In the opposite case the depolarization 
(change of elliptical into circular polarization) will be very strong even with very rigid 
limitations on the dimensions of the generation region (see p. 335). 
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in them as functions of the coordinates. This is valid until the approxima- 
tion of geometrical optics loses its force, according to which a wave of 
each type is propagated in a plasma without being transformed into waves 
of another type.t In smoothly non-uniform media whose properties vary 
only a little over distances of the order of a wavelength this approxima- 
tion breaks down only in certain limited regions. There the representa- 
tion of an electromagnetic field in the form of the sum of terms of the (22.15) 
type, i.e. in the form of a superposition of ordinary, extraordinary and 
plasma waves, is invalid: the nature of the field becomes more complex, 
differing sharply from the geometrical optics solutions. If waves in the 
process of propagation pass through such a region coupling appears 
between them, consisting in the ratio of the amplitudes of the geometrical 
optics solutions taking up a fixed value that depends on the wave propaga- 
tions conditions in the region where geometrical optics break down.t With- 
out stopping to discuss the physical meaning of the coupling phenomenon, 
which we have already discussed in section 22, we shall content ourselves 
with saying that as a result of this phenomenon, when a wave of one type 
is incident on a coupling region, generally speaking, waves of two types 
leave it. In other words, in this region there occurs a partial change (trans- 
formation) of waves of one type into another, which is accompanied by a 
significant alteration in the polarization of the waves that cannot be de- 
scribed by the formulae (23.10) and (23.11). 

An investigation of the coupling of waves of different types, to which 
this and the following section are devoted, shows that it occurs in the re- 
gions of a plasma where the dispersion curves ni (co) approach close to each 
other. This is quite natural since it is just in regions with close wave prop- 
erties that they can “transfer” from one dispersion curve to another. 
From the example of Figs. 117 and 121 it is clear that this occurs in layers 
where v ~ 1, with propagation of waves at small angles « to the magnetic 
field Ho, and also in layers where v « 1. 

The effective coupling of “normal” waves in the region v ~ 1, which, 
generally speaking, occurs in both a magnetoactive and an isotropic plasma, 
is of considerable importance for solving the problem of the escape of 
emission beyond the solar corona. This coupling will be discussed in 
detail in section 25. The transformation of ordinary waves into extra- 
ordinary ones and vice versa in a sufficiently rarefied plasma (v « 1) under 


t The weak conversion of waves of one type into another appears here only ina 
higher approximation to the solution in the geometrical optics form (see section 25). 

t The question of the coupling in a plasma of waves of different types (ordinary 
and extraordinary) was first studied by Ginzburg (1948) (see also Ginzburg 1960b, 
section 28) as applied to the so-called “tripling” effect of signals in the ionosphere. 
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certain Conditions may have a very significant effect on the nature of the 
polarization of radio emission leaving the solar corona. We shall open 
the discussion of coupling effects in a plasma with this phenomenon. 


LIMITING POLARIZATION OF EMISSION LEAVING THE CORONAL PLASMA 


The statement of the question about the limiting polarization of waves 
leaving a magnetoactive plasma is connected with the following circum- 
stance. It is physically clear that with small enough v and u, i.e. under weak 
anisotropy conditions, the effect of the magnetic field on the nature of the 
waves’ polarization (the form of the polarization ellipse) should disappear. 
Ifv - 0 the waves should be propagated as in a vacuum; when u > 0—in 
the same way as in an isotropic plasma; therefore the variation in the polar- 
ization coefficients K, . in a region of small v (or u) ceases and the emission 
escapes into a vacuum (or into an isotropic plasma) with approximately 
the same polarization ellipse as it had before entering the region of weak 
anisotropy. On the other hand, according to the approximation of geo- 
metrical optics the polarization ellipse should alter its form even here in 
accordance with the change in the parameters v and u. This means that 
with small » or u the geometrical optics solutions become inapplicable 
and the question of the nature of the limiting polarization when a wave 
moves from a region with high values of the parameters v, u into low values 
of v or u requires a closer examination on the basis of equations describing 
the propagation of electromagnetic waves in a non-uniform magnetoactive 
plasma. 

We shall proceed from the system of equations (22.6) and (22.9). We 
shall neglect the thermal motion in the plasma, putting T = 0, and limit 
ourselves to discussing a plane-layered medium whose properties depend 
only on the single coordinate z. Then for plane waves being propagated 
along the z axis (i.e. for waves the fields in which depend only on this 
coordinate) this system will become (Ginzburg, 1960b, section 23) 








2 
Es | O (AE, +ICE,) = 0, 
dz e 4 
PE, œ? Gey) 
Y x pan 
Te TE (—iCE,+ BE,) = 0, 
where 
u—(1—v)?—uv cos? « u(1—v)—(1—v)? 
As 1—v)— ig Se u—(1—v)—uv cos? « ’ 
u—(1—v)—uv cos? « (24.2) 


a/ uv(1—v) cos « 


Sa u—(1—v)— uv cos? a ` 
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The equations (24.1) are written in the system of coordinates shown in 
Fig. 119. 
We introduce instead of E,, E, the new variables U, U2 by means of 
the relations: 
og AE E, = Kh iK 
VIFK? VIFK? ? VIR vit 


Il = Ui@) oie! (ns— 3n) dz : H= U,z) cel (Ba,—7;) de- 


nı Ne 


E, = 


(24.3) 


where 71,2 are defined by the formula (23.2) and the polarization coeffi- 
cients Ki,2 by the formula (23.10). Then by starting from the system of two 
second-order equations (24.1) in a medium with parameters u and v, which 
vary slowly over distances of the order of a wavelength A, we can arrive 
at a single second-order equation which will approximately describe the 
propagation of waves in the direction of negative z (Budden, 1952; see 
also Ginzburg 1960b, section 26): 


LUi, 2 
dz? 





+{ Peg a Cam -2i m- m)|Ui,2 = 0. (24.4) 


After a slightly different substitution from (24.1) we can also obtain a sim- 
ilar equation for describing waves travelling in the opposite direction.t 
In (23.4) 

d, ike-1_ i d 1—v+ig 


Y(z) = —i—In 


z dz "ik,+1 4 dz '1—v—ig’ (24.5) 





where q = 4/'u sin? «/2 cos a. Differentiating in ¥ with respect to z we find 
that 


Vo) a2 ee (24.6) 


The derivative dv/dz characterizes the non-uniform nature of the distribu- 
tion of the electron concentration M(z) in the plasma; the non-zero deriva- 
tive dq/dz appears in the case of a non-uniform magnetic field Ho(z). 


+ The fact that waves travelling in opposite directions can be described by independ- 
ent equations means that the connection between them (coupling of the reflection 
type) can appear only where these equations become inapplicable. In a smoothly non- 
uniform plasma the latter occurs only at the points n, = 0 and n, = O where replace- 
ment of the variables of the (24.3) type cannot be made: J7, and J, here become infinity 
with finite values of U,,,. The coupling between different types of waves in layers 
where n, = 0, n; = 0 is not accompanied by reflection effects. 
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It is easy to see that the solutions of the equation (24.4) and the nature of 
the wave propagation are essentially different on different sides of a plasma 
layer in which 


P2 n L m- ny} — ~i L m- nı) |. (24.7) 


In fact, in regions of a plasma where ¥ is much less than the remaining 
terms in the brackets of the equation (24.4) the term ¥2 can be omitted. 
Then the solution of the equation (24.4), because of the slowness of the 
variation in the medium’s properties (the difference ną—nı) will be the 
linearly independent functions 


o ç , œ 
= Ciel we J oom dz y Us = Cree J (na-n) dz 


(Cı and Cz are constants). By substituting them in (24.3) we can see that 
the field E,, E, contains two independent components in the geometrical 
optics form; the first of them characterizes an extraordinary wave with 
a refractive index nı and a polarization coefficient K;, and the second an 
ordinary wave with nz and K>. In plasma layers where ¥2 is much greater 
than the rest of the terms in the brackets the character of the solution is 
different: in actual fact the solution is the same as in the case of an iso- 
tropic plasma, when nı = me, and the polarization of a wave given by the 
initial or boundary conditions of the problem remains constant in the pro- 
cess of propagation. 

The transition from one form of propagation to another in a non- 
uniform plasma is achieved as follows. When a wave of one type, for 
example an extraordinary one, is propagated in the direction of escape 
from the magnetic field or from the plasma first the change in the polar- 
ization ellipse proceeds in complete accordance with the requirements 
of geometrical optics. Then, after passing through the characteristic 
layer (24.7), the nature of the polarization ceases to change and the wave 
is propagated further, preserving the polarization acquired in this layer. 
Therefore on escaping into a region u = 0 or v = Othe limiting polariza- 
tion of the emission will differ from that given by the formula (23.12), so 
that here the polarization ellipse can be looked upon as the sum of the 
ellipses characteristic of ordinary and extraordinary waves.t Accordingly 
when a wave of one type approaches a layer (24.7) coherent waves of two 


+ Changes in polarization do not occur in the case of strictly longitudinal and trans- 
verse propagation relative to a field H, with a fixed orientation, since in this case the 
polarization of the ordinary and extraordinary waves does not in general change, re- 
maining circular (a = 0) or linear (a = z/2) with any u and v. 
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types escape into the isotropic plasma or vacuum; this is the process of 
wave transformation due to the coupling in the region where geometrical 
optics are not applicable.t 

Let us now see where the transition layer (24.7) is localized in the actual 
conditions of the solar corona. It is clear from equations (24.6) and (24.7) 
that in a smoothly non-uniform plasma whose properties vary little over 
distances of the order of a wavelength the transition layer is located close 
to where n: is close to nz. Therefore in equation (24.7) we can put (see also 
(23.2)) 

n3—n? “yr/u cos a y(1—0} +g 
ħa— nı x — = —— r. 
2nı : n (l—u—v+uv cos? a) 
Further, we take take into consideration the fact that with a slow enough 
variation in the plasma parameters in the transition layer the term with 
d(n2—n:)/dz is small when compared with the rest and it can be neglected. 
Then in the case 
aLa 
q dz 


| L.a ; (24.8) 


l—v dz 








when the non-uniform nature of the magnetic field is insignificant, the 
` relation (24.7) with small v becomes 





(143 ae) 

2 2 2 

De cae ote Sra. (24.9) 
v dz A (=u 


From this it is not hard to estimate the value of v (and the electron concen- 
tration N) within the transition layer. If the angle « approaches 0 or 7/2, 
then v + 0. The maximum v are obtained for intermediate angles « ~ 1 
and values of u for which (1—u)? ~ 1: 











c dv A 
where Ly denotes | grad (v) |71. 
If 
1 dv 1 dq 
Ir Gar (24.11) 

then the relation (24.7) becomes (v « 1): 

as ga a+ 

k 2) ~ 43 v cott « Gu? (24.12) 


ł In this layer we must obviously include all the layer on the boundary with the 
isotropic plasma or vacuum, starting from the layer (24.7). 
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This last relation allows us to estimate the quantity v4/ u (and the product 
NHo) in the transition layer. Since dq/dz — 0 when æ > 0, the quantity 
v4/u in this case also approaches zero. The case of transverse propagation, 
in which q and dq/dz increase sharply, is exceptional; it will be discussed 
in detail in the next sub-section. With intermediate angles a and values of u 
for which (1—u)? ~ 1 
- cdq 1A, 

UVES TS (24.13) 
where Ly = |grad q|7}. 

In the solar corona, depending on the actual conditions, two cases 
apparently hold—(24.8) and (24.11). In accordance with (24.10) in the 
first case with Ly ~ 101° cm and A ~ 3 cm the transition layer is localized 
in a region where the parameter v ~ 5X1071!; this corresponds to an 
electron concentration of N ~ 10? electrons/cm3. As the wavelength in- 
creases the values of v and N decrease still further: for example, ata ~ 3m 
v~ 5X107? and N ~ 1 electron/cm3. In the second case, as follows 
from (24.13), with L,, ~ 10° cm and A ~ 3 cm in the transition layer 
va/u ~ 5X1071 and NHo ~ 2X10° oe electrons/cm*. Since in the solar 
corona the magnetic field strength does not probably drop below about 
1 oe, the transition layer should be located at a level where N S 2105 
electrons/cm?. At A ~ 3m v4/u ~ 5X10~°, NHo ~ 20 oe electrons/cm® 
and N £ 20 electrons/cm?. 

It is clear from these estimates that the region of limiting polarization 
for the band of radio frequencies being studied is either in the highest 
layers of the corona (at distances of not less than 3R, from the centre 
of the Sun), or moves about in the circumsolar space. It is quite possible 
that in certain cases, especially at metric wavelengths, there is in general 
no such region on the propagation path from the Sun to the Earth and 
the polarization characteristics vary in complete accordance with the 
requirements of geometrical optics. However, even the passage of radio 
emission through a region of limiting polarization located so far from the 
solar surface is insignificant in practice: because of the low magnetic 
field strength in the outer corona 4/u < 1 and the polarization of ordinary 
and extraordinary waves is the same as circular (see (23.12)). 

It follows from this that the elliptical polarization observed on Earth 
when receiving certain microwave bursts and types I and III bursts (see 
Chapter III) cannot be connected with the effect of coupling of the 
limiting polarization type in the solar corona. It can be explained only 
if the emission incident on the transition layer contains ordinary and 
extraordinary waves which are coherent with each other, one having 
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clockwise and the other anticlockwise polarization; only then will the 
resultant polarization be elliptical in nature. 

The impossibility of explaining the ellipticity of the solar radiation by 
the effect of the limiting polarization can be very clearly seen from the 
example of microwave bursts. According to Akabane’s observations 
(Akabane, 1958c; Cohen, 1960) at a frequency of 9500 Mc/s a whole 
series of microwave bursts were elliptically polarized, the ellipticity value 
averaged over many bursts being J ~ 0°8 (i.e. the emission differs 
noticeably from circularly polarized emission). If we assume that in 
this case a wave of only one type approaches the limiting polarization 
region, then according to what we have been saying above the ellipticity 
of the radio emission that has left the corona will with sufficient accuracy 
for our purposes be defined by the formula (23.12) in which the values of 
the parameter u and the angle « relate to the transition layer (24.7):t 


2/u| cosa | 
u sin? a+ y/u? sint a+ 4u costa | 
The angle « is unknown for each separate measurement since the orienta- 
tion of the magnetic field Ho in the transition layer on the Sun is unknown. 
Since, however, the generation regions of the bursts studied belonged 
to different centres of activity scattered all over the Sun’s disk it may be 
hoped that the assumption about the equal probability of all directions 
of the field Ho relative to the wave vector k will be quite permissible in 
this case. Then the observed values of p can be averaged over the directions 
(Gelfreich, 1962): 


ni2 


p= pdQ = f psin a da = 5 [itve Inve ta (1+⁄4)] 
0 
(24.14) 
(dQ is an element of the solid angle in the direction Hp). 

According to (24.14) the observed value p ~ 0-8 corresponds to 
4/u ~ 0-15, i.e. Ho ~ 500 oe. However, there is no basis for the existence 
of such strong fields in the corona at distances of R > 3Rp, where the 
region of extreme polarization may be located. Gelfreich (1962) avoided 
this difficulty by transferring the layer forming the extreme polarization 
of the emission to the inner corona (to the boundary of the emitting region) 
by the large gradients of v or u obtaining in non-stationary phenomena 
of the shock-wave type. Here, however, a fresh complication arises con- 


+ Here it is taken that the ellipticity p is the ratio of the short axis of the ellipse of 
polarization to the long one. With this definition the value of p is the same for ordinary 
and extraordinary waves and 0 = p œ 1. 
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nected with the great length of the path travelled by the emission from the 
transition layer until it leaves the corona: the strong dispersion of the 
angle of Faraday rotation would in this case make it impossible to record 
elliptical polarization on Akabane’s polarimeter with a bandwidth of 
~ 8 Mc/s (see the last subsection of section 23). 


PRELIMINARY REMARKS ON THE EFFECT OF THE COUPLING OF WAVES IN 
THE REGION OF A QUASI-TRANSVERSE MAGNETIC FIELD 


In the preceding section it was noted that when determining the position 
of the transition layer that gives the limiting polarization of waves when 
they leave the corona the case of quasi-transverse wave propagation is 
exceptional. This is connected with the sharp increase in the parameter 
q and the derivative dq/dz when a ~ 2/2 by comparison with their values 
in theregionz < 1;as will be shown below, the latter may lead to displace- 
ment of the transition layer into regions with higher values of v and 4/u 
(i.e. the electron concentration N and the magnetic field Ho) and the ap- 
pearance of interesting effects of great importance in interpreting the po- 
larization features of solar radio emission. 

The unusualness of the case of quasi-transverse propagation can easily 
be confirmed by starting with the relation (24.12) which is used to fix the 
position of the transition layer in a plasma with a non-uniform magnetic 
field. In actual fact, saying for the sake of simplicity that u and v are much 
less than unity, we obtain that in the transition layer 


dq\? a? e cotta (+44) 
(2) ~ 450g" cot æ (t1). (24.15) 


The parameter q = 4/u sin? æ/2 cos æ changes because of the change in 
the magnetic field Ho in magnitude and in direction (relative to the vec- 


tor k): 
dq 1 dyu Vu da 


dz“ 2cosa dz 2 cos? a dz 








The last equation takes into consideration the fact that for angles « close 
to 2/2, sin æ ~ 1 and [cosa| <« 1. If in the transition layer 
aq y Nu u da 
dz” 2cos?a dz’ 


which with quasi-transverse propagation holds for a magnetic field in 
whicht 


(24.16) 


rel aH cos 
T> -H “dz á 


t This condition is obviously always realized when a wave passes through a layer 
where H, L k, being valid in a certain region around this layer. On the other hand, the 
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then the relation (24.15) will become the following: 

da)? 1 œ? 7 a 

ban «2. ; 24.18 

(z) ie v(4 cos? a+ u) ( ) 
It is clear from this that the transition layer for waves of a frequency w may 
be located at angles æ not too close to 2/2 (in particular with 4 cos? a > u, 
when q? < 1) only in a rarefied plasma where the value of the parameter 
v is sufficiently small: 
cda 1 A 


ag ESNE 24.19 
@ dz costa 2nLy cos? a’ ( ) 


yY ~ 
although it is greater than in the case of a ~ 1 (see the formula (24.13). 
If, however, the parameter v in the layer where Ho L k is greater than 
(24.19), then the transition layer moves into a region with lower values 
of cos? æ (first into the region q? ~ 1, then q? > 1).t This holds until the 
value of v reaches its maximum defined by the relation 


da)? lo? 
(z) ~ gg ae. (24.20) 
As v rises further the transition layer disappears. 

Introducing into the discussion (in accordance with (24. 20)) the critical 
parameter 


12 
ga ou es | a (24.21) 
paaa fij — 
4e| S| Lemenig F 














where f = œw/2v is the frequency and the values of N, Ho and da/dz relate 
to the transverse magnetic field region, we shall have, in accordance with 
what has been said, the following picture of wave propagation through a 
quasi-transverse field region (Cohen, .1960).? 

Since the parameter G is a function of the frequency, the nature of the 
wave propagation through a transverse magnetic field region also depends 


reverse inequality with {cos «|< 1 obtains in practice only in rare cases when the 
change in direction of the field H, relative to & is negligibly small when compared with 
the change of H, in magnitude. We shall not be discussing these cases. 

t We recall that the inequalities g?<« 1 and q? >> 1 respectively characterize the 
regions of quasi-longitudinal and quasi-transverse propagation (see (23.5) and (23.6)). 

t Cohen arrived at the expression (24.21) as the result of a clumsier treatment, since 
he based himself on more general equations than (24.1) and (24.2), which make it 
possible if necessary to investigate the propagation and interaction of waves while 
making allowance for “twisting” of the magnetic field H, (a change in the orientation 
of the component H, in the plane xy). Our equations are unsuitable for this since they 
are written for the case when the vector H, is located in a single plane yz in all points 
in space (see Fig. 119). 
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on the frequency. At low enough frequencies (such that G >> 1) there is 
no transition layer and the geometrical optics approximation still holds. 
Here, as we know, the ordinary and extraordinary waves are propagated 
independently of each other; as it passes through a transverse magnetic 
field region each wave changes the sign of its rotation to the opposite 
because of the change in direction of the longitudinal component of the 
magnetic field. 

On a rise in frequency (with G ~ 1) on both sides of the Ho L k layer 
there appear transition layers that separate the regions where the geometri- 
cal optics are satisfied or not. In this case a wave in the range between 
these layers is propagated, as in an isotropic medium, preserving the 
degree of ellipticity and the sign of the polarization. This occurs even in 
a region of quasi-transverse propagation where, according to the laws of 
geometrical optics, the wave should become linearly polarized and change 
its sign of rotation on leaving this region. 

At high frequencies, when G « 1, the transition layers are localized 
a comparatively long way from the Ho Lk level in regions where quasi- 
longitudinal propagation with circular polarization of the ordinary and 
extraordinary waves is valid. If in the process of propagation a wave of 
one type (let us say an ordinary one) enters a region contained between 
two transition layers, then it leaves it preserving circular polarization and 
the former sign of rotation. However, this wave will now correspond to 
another type (extraordinary), since the direction of the longitudinal com- 
ponent of the magnetic field Ho will become the opposite. 

Therefore the case G < 1 corresponds to strong coupling of “normal” 
waves, a wave of one type changing completely into a wave of another 
type, and the case G > 1 to the absence of interaction, when the type of 
wave remains constant. At frequencies of 

e6 NE 
Se~ | Terma da ||” (2?) 
dz 








for which G ~ 1, the intermediate case occurs: if a wave of one type, let 
us say an ordinary one, approaches the interaction region, then two waves 
—an ordinary one and an extraordinary one—leave it. The ratio of the 
intensities of the two waves depends on the frequency and somewhere in 
the region f ~ f, it becomes equal to unity. f 

Since the transformed waves are coherent and have different signs 
of rotation the resultant polarization of the emission at the frequency 
f~ fı will be purely linear. As we move away from this frequency the 
degree of linear polarization g, will decrease from 1 to 0, and the degree 
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of circular polarization g, increase from 0 to 1. The values o; = 0, 9, ~ 1 
hold when G >> 1 and when G « 1. The change in the polarization of 
waves during propagation through a quasi-transverse magnetic field 
region depending on the value of the characteristic parameter G is illus- 
trated in Fig. 127. 
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Fic. 127. Propagation of waves through a quasi-transverse magnetic field 
region 


CALCULATIONS OF COUPLING BY THE PHASE INTEGRAL METHOD 


The above discussion of the effect of wave interaction in a transverse 
magnetic field region is, of course, far from being exhaustive. It is based 
on estimates of the various terms in the wave propagation equations 
(24.4); this is not an entirely correct operation and may, generally speaking, 
lead to unreliable results. In addition, calculations of this kind make it 
possible only to estimate the characteristic ranges of frequencies at 
which strong and weak interaction occurs without allowing us to plot 
the frequency dependence of the interaction efficiency and the dependence 
of the degree of linear and circular polarization connected with it for 
emission leaving an interaction region. This problem has been solved by 
Zheleznyakov and Zlotnik (1963) where the interaction of “normal” waves 
in a plasma placed in a non-uniform magnetic field is investigated by the 
phase integral method. This method is particularly valuable since it 
allows us to use the geometrical optics approximation to find the connection 
between the amplitudes of interacting waves of different types a long way 
from the interaction region without knowing the precise solution of the 
equations (24.1) and using only certain of its general properties (in par- 
ticular the analyticity in the complex plane z). 

The phase integral method (Zwaan’s method) was developed by Stiick- 
elberg (1932) for the solution of certain problems in quantum mechanics 
and then extended by Denisov (1955, 1957) to the theory of radio wave 
propagation in a non-uniform plasma. Here we shall describe the features 
of this method as briefly as possible with the example of the interaction 
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of electromagnetic waves in a quasi-transverse magnetic field region, 
having in mind also the further applications of this method to the solution 
of the problem of the escape of electromagnetic waves from a magneto- 
active coronal plasma because of their interaction in a layer where v ~ 1 
(see section 25).t 
Therefore, following Zheleznyakov and Zlotnik (1963), let us examine 
the propagation of plane electromagnetic waves along the z axis in a 
plasma set in a non-uniform magnetic field Ho(z). We select the latter so 
that its transverse (in relation to the z-axis) component does not depend 
on the coordinates, and the longitudinal component is a monotonic func- 
tion of z which becomes zero when z = 0. It is easy to see that with this 
kind of magnetic field configuration in the plane z = 0 we have the case 
of interest to us of propagation through a transverse field region accom- 
panied by a change in sign of the longitudinal field H,,.+ 
In the solution of the problem stated we can proceed from the system of 

equations (24.1). Here, however, it is not the equations for the field com- 
ponents E, and E, that are more convenient but the equations for their 
combinations F, = E,+iE,, Fz = E,—iE, (see, e.g., Zheleznyakov, 
1958b): 

OF LACH B)F, = —ikzAFo, 

dF. 2 

“dz 


(24.23) 


+ Further detail on the phase integral method can be obtained from the papers by 
Stiickelberg (1932), Denisov (1955, 1957), Zheleznyakov (1958b, 1959b); see also 
Ginzburg (1960b, section 28). 

t It is appropriate to stress that this kind of field, strictly speaking, cannot exist in 
a plasma since for it div H, ~ 0 unlike the equation (22.1). The condition div H, = 0, 
it is true, is easily satisfied (preserving at the same time the configuration we need), 
unless H, depends on two coordinates instead of one. However, investigation of wave 
propagation in such a system becomes far more complicated. Therefore, as in the papers 
of Cohen (1960), Zheleznyakov and Zlotnik (1963), we shall model the magnetic field as 
indicated above, considering formally that the plasma is combined with a magnetic field 
which is noticeably magnetized by a stationary field H, (such that div H, = —4ndiv M, 
where M is the magnetization vector), whilst at high frequencies there is a magnetic 
permeability of unity (div H = 0). The latter permits the existence in the plasma of any 
static magnetic field (with an appropriate choice of M(z)) and at the same time has no 
direct effect on the nature of the radio wave propagation. 

It is clear from what we have said above that considerable interaction in a quasi- 
transverse magnetic field region can occur only in a sufficiently rarefied plasma (v « 1) 
where the refractive indices of the ordinary and extraordinary waves are close to unity. 
It may be taken, therefore, that results obtained with a one-dimensional model reflect 
with sufficient accuracy the nature of the interaction under the actual conditions of the 
solar corona, since the presence of a weak dependence of the magnetic field on the 
coordinates x, y with n4, ~ 1 does not essentially alter the structure of the waves being 
propagated. 
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where 
Fa (1—£)o3 B= (1 — £)wzE 
~~ 2o2?—(1—aw%)e ” ~  202—(1—@)e ’ 
_ 1__d-9@}—2) 
C=1 2w (ioe lope’ (24.24) 

w eHox eHoz 

ko = —, =l—-v, @x= 0; = E A e 
c mew mew 


The expressions given for A, B, C differ from (24.2) because the equations 
(24.23) are written in another system of coordinates rotated 45° around 
the z-axis relative to that shown in Fig. 119. As can be seen in Fig. 128, 
in the new system the field Ho is symmetrical relative to the x- and y-axes 
(i.e. Hy, = Hoy)- 





Fic. 128. Orientation of vectors k and H, relative to coordinate axes 


The coefficients A, B and C depend on z via the parameter w,, which in. 
the case of a linear function H,,(z) can be represented in the form 


w: = Az, (24.25) 


where A is a constant equal to (e/mcw)(dH,,/dz). In the plane z = 0, 
therefore the magnetic field is at right angles to the directions of the 
wave’s propagation. 

Introducing the new independent variable € = Az and denoting the 
ratio ko/A by o,,t we can write the system (24.23) in the following form: 


PF 

at o?7(C+ B)F, = —igzAFo, 

pan (24.26) 
et 03,(C—B)F2 = igzAFi. 


t The parameter 0, > 1 if there is little alteration in the magnetic field over a dis- 
tance of the order of a wavelength. 
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By eliminating Fa from these equations we obtain for F, a fourth-order 
equation with variable coefficients whose solution we shall find in the 
approximation of geometrical optics: 


oF [s0 SDH.. .] 


F, = (24.27) 


Then for the function (dSo/d¢)? we obtain two values n? and nê: 


dS? p _ (whe) +e(wi+a)t(1—2) Vat ea? (24.28) 


which define the possibility of the existence in the plasma of two types of 
wave—ordinary and extraordinary. The function S,(C) in its turn satisfies 
the equation (see Zheleznyakov and Zlotnik, 1963) 








(=) do s£ 
dS; 1\aeJie_1 & 1 dé 
A _ ANGE 2 tl eI » (24.29 
(T). 2 So1,2 t3 vit 2 1+0? ( ) 
where 

pot Bs aaa. (24.30) 


Substituting (24.28), (24.29) in (24.27) we obtain the general solution for 
F, in the form 








1 oda 1 dn, 1 do 
->- | aaa ie m dt —ie nd -> | ——--— = 
Fi) =e : fee af +de «J Je 2J m 24 Vite 
P 5 1 dry 1 da 
ie n dọ —ig nd —— | —+— r 
+ (cze a +dæ zJ je 24m 2 J Vīta] (2431) 


Since, as has already been pointed out in the preceding subsection, 
without allowing for reflection regions in which n? 2 ~ 0, waves travelling 
in different directions are completely independent,t their simultaneous dis- 
cussion complicates the solution without leading here to any fresh results. 
Therefore we shall limit ourselves to investigating waves travelling to- 
wards negative € and write the approximation of geometrical optics in the 
formt 


t That is, the constants c,, c, and d,, d, are not interconnected: interaction in a 
quasi-transverse magnetic field region occurs only between waves of different types 
being propagated in one and the same direction. 

t We recall that the electromagnetic field in these waves, by assumption, is time- 
dependent as e’”*. 
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1 1 oda 
ieg f z (m+n) dt- 


F =e 2 1+0? 
da 


1 1 
x ( ea lg at ae 

















=e 
vn 
1 1 do 
C2 itg f = (na—n) d+ > Vita : (24.32) 
+ Ji e 
2 
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Fia. 129. nè, , as a function of ¢ in a plasma with a non-uniform magnetic 
field of the (24.25) type: (a) u sin? a < 1—v, (b) u sin? œ > 1—v (Zheleznya- 
kov and Zlotnik, 1963) 


This solution for arbitrary cı and cz describes independent waves of two 
types (extraordinary and ordinary) and is an asymptotic representation of 
the solution with op > 1 outside the regions of interaction and reflection. 
Since geometrical optics are violated in regions characterized by a sharp 
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change in the amplitude of the waves in space, it is clear from (24.23) that 
this occurs (with large, but finite 0,,) in the vicinity of points where n= œ, 
n = 0, ne = 0, and ny = ne. The last equality corresponds to points 
ø = C/o = +i lying in the complex plane €. 

Figure 129 shows the squares of the refractive indices nî , as a function 
of the parameter œw, = ¢. The shape of the dispersion curves is essentially 
different with u sin? = 2w, = 1—v (see Fig. 129 a and b). If usin?a < 
1—v (i.e. fo < 4), then the case of quasi-transverse propagation which 
occurs in a region of small ¢ is isolated in the respect that the dispersion 
curves here approach one another, and the smaller v = 1—e is the closer 
they approach (i.e. in a sufficiently rarefied plasma or at high enough 
frequencies). In accordance with what we have said earlier, under these 
conditions in a quasi-transverse field region effective wave interaction is 
to be expected. If, on the contrary, u sin? æ > 1—v (i.e. o > D, then in 
the region of quasi-transverse propagation the dispersion curves n? (€) do 
not approach but move further away from each other. It is clear from this 
that in this case a region of small € has no advantages in the sense of effec- 
tive radio wave interaction when compared with a region of large € cor- 
responding to values of the angle a ~ 1. 

Limiting ourselves to the case u sin? < 1—¥v, we note that below we 
are making no allowance for the presence of zeroes and poles in the func- 
tion n? ,(Ċ), considering that the actual magnetic field in the corona can 
be approximated by the linear function (24.25) only with small enough 
œ, (and H,,); then H, varies so that n? does not reach zero and an 
extraordinary wave, and likewise an ordinary one, passes through the 
quasi-transverse field region and on out beyond the corona without hin- 
drance. 

Since the passage of waves through the interaction region circled in Fig. 
129a is accompanied by their transformation into waves of another type, 
the constants c1, cz in the geometrical optics solution (24.32) will be differ- 
ent on the two sides of this region. The latter follows formally from the 
fact that only in the case when the coefficients c1, cz are different in differ- 
ent regions of the complex plane ¢ can the solution of F, (24.32), which is 
a combination of many-valued functions, approximate the precise solu- 
tion of the system (24.26), which is an analytic (i.e. single-valued) function. 
It will be our task to find the connection between the values of the con- 
stants characterizing the amplitude of the ordinary and extraordinary 
waves on different sides of the interaction region. 

It is known (Stiickelberg, 1932) that in solutions like (24.32) the con- 
stants c1, C2 remain constant in regions bounded by the so-called Stokes 
lines (Stokes, 1904; Batson, 1949); when they cross these lines they change 
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with a jump. These lines, which can be determined from the condition 


[4 
arg | tien j HOn) dt] =n+2nm (m=0,1,2...), (24.33) 
tile 


are obviously characterized in that on them the functions 


ç 
exp |ie f + m-m) at] 
tito 

contained in the approximation of geometrical optics (24.32) takes up (as 
¢ moves away from the points + io) real values that may be as large or as 
small as one likes, whilst the ratio of these functions becomes extremal. 

As it passes through the Stokes line only one of the two constants 
changes with a jump, namely the constant in the solution with the ex- 
ponentially decreasing function; in this case the magnitude of the jump 
Acı = &— c is proportional to the coefficient ce with an increasing ex- 
ponent:t C = c1 +2cC2; c, = cə. Similar relations also hold on the Stokes 
line where the exponent with the coefficient cı becomes an increasing 
one: c, = c2+ Bey; cy = cı- 

For plotting the Stokes lines we use the relation (24.28), according to 
which 


2 p2 = 
n-m = wer = fOV2+R, (24.34) 


where the function /(C) is analytical in the vicinity of the points € = + ito. 
In the case when ng— nı = y £2422 the position of the Stokes lines on the 
plane € cut along the line connecting the points ifo and — il, is shown in 
Fig. 130a. The appearance in the difference np—n of the analytical func- 
tion f(¢) causes a continuous deformation of the Stokes lines (such as that 
shown in Fig. 130b, let us say), but does not alter the general nature of 
these lines; a knowledge of their precise configuration is not necessary 
when discussing the coupling. We notice that when passing through the 
solid lines the coefficient cz jumps and when passing through the dotted 
ones cı jumps. 





t This is quite natural since owing to the linearity of the original system of equations 
the coefficients on different sides of the Stokes line should be connected by a linear 
function of the c] = &c, +ac, type. However, we must demand that & = 1, i.e. that there 
is no jump, to preserve the validity of the asymptotic approximation with c, = 0. At the 
same time the fact that a is non-zero (and therefore a jump appears in the term with the 
exponentially decreasing function with c ~ 0) does not reduce the accuracy of the 
geometrical optics approximation to a rigorous solution, since on the Stokes lines the 
error in the exponentially increasing function becomes of the order of the absolute magni- 
tude of the exponentially decreasing function. 
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Let us now assume that on the right of the interaction region the geomet- 
rical optics solution is of the form (24.32), the lower limit of the integrals 
in the exponents being taken at the point A. Then the initial values of 
the coefficients in front of the functions exp [Fion f 4 (n2—m1) dt] will be 
cı and cz respectively. After going round the coupling points on the line 





Fic. 130. Arrangement of the Stokes lines on the plane ¢: (a) for na-n, = 
V+ &2; (b) for ny—n, = (OV T+ G (Zheleznyakov and Zlotnik, 1963) 


shown in Fig. 130b the values of the coefficients in front of these functions 
at the point B will be 


Cı = M2[Mici + B(Nice +¢Mic1)]Gi, | (24.35) 
C2 = N2[Nice+aMici]Gi, l 
and likewise at the point A 
cı = Ma[MsC, + 6(NsC2 + yMsC1)]Ga, (24.36) 
Ca = Na[N:C2 +yM;:Cı]G2. : 


By virtue of the analytical nature of the precise solution of the system 
(24.26) it Gust like its asymptotic approximation (24.32)) cannot depend 
on the path of the circuit. In particular when passing along the contour 
around the points + if» the coefficients at the point A should be the same 
as their original values cı and ce, which is allowed for in the relations 
(24.36). Substituting (24.35) in (24.36) we obtain 


G1G2[M1 MoM3MA(1 +08)(1 +yô)cı + MiN2N3Miader 
+N, M2M3Mi(1 + 6) co+NiN2NaMiz8co] = c1, 
G1G2[Mi M: M3Nay(1 +f) 1+ Mi NoNgNacxcr 
+NiM2MsNiByca+NiNaNaNace] = c2. 


(24.37) 
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These relations should be identically satisfied with any values of the con- 
stants ci, C2 and therefore 
Mi M2M3Mi(1 +48)(1 +6) + Mi N2N3Macd = (GiG2), 
Ni M2M3M,£(1 +6) +NiN2N3 Mab = 0, 
Ni M2 MgNaby +NiN2N3Ns = (GiG2)"}, 
M1M2M3Ny(1 +a) + Mı NNN; = 0. 


(24.38) 


These equations allow us to find the proportionality coefficients a, B, y, 4 
between the size of the jump of one of the constants and the other constant 
in the solution (24.32) when crossing the corresponding Stokes lines 1, 2, 3, 
4 (see Fig. 130b) and thus determine the values of the constants in the com- 
plex plane ¢ with given values of cı, c2 at the point A. 

In the relations (24.35)-(24.38) 


D D 
Mı = exp |- f 5 Gam) d- f =l 5 
A 


P 1 1 3 do 
Ni = exp e f = (nn) + | Jal: 
2 2 Ito 
A A v ng 


the corresponding quantities for the ranges D’B, BE and E’A are denoted 
by Mə, Ms, M4 and Na, N3, N4. At the same time 


D’ E 
1 odo 1 o do 
Gi -20(-4 i} G2 -(-5 f ta) (24.40) 
E 


D 


(24.39) 


By stretching the integration contour to the points + ifo and remember- 
ing that in this case it passes along the Stokes lines connecting ito and — if 
it can be confirmed (see (24.33)) that the integral 


~—ion f (n2—nı) de (24.41) 


in (24.39) which is taken within the limits from A to D is a real and pos- 
itive quantity which we shall denote by ôo. Integration over the intervals 
D'B, BE, E'A gives the same result, whilst the intervals DD’ and EE’ make 
no contribution to (24.41), so the characteristic parameter is 


do = — ion rae d. (24.42) 
The integral 
j doly/ 1+0? 
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figuring in the expressions for M1, N1 is equal to iz. It keeps its value in the 
interval D'B and changes its sign in the intervals BE and E’A. In Gi, Ge 
the integrals f o do/\/ 1+0? along the contours round the points io and 
—i€y equal ir. 

It follows from the above that the equations (24.38) are equivalent to 
the system 

— (1 +ap)(1 +6) e +að = —1, 
-p +8) +ò = 0, 


py—e-% = —1 (24.43) 
y(1 +8) —ae—2% = 0, 
whose solution 
a = $ = y = ô = e”? 4/1 — e7% (24.44) 


allows us to find the values of the constants in the approximation of 
geometrical optics on the left of the interaction region (at the point B) 
from their values cı and cz at the point A (see (24.35)):t 

cg = C1 = e7 c4 y 1 — e72 fa (24.45) 

ci = Cz = V1 — e7% ci eh c. i 
The squares of the constants in (24.45) obviously characterize the intensi- 
ties of the corresponding waves. As was to be expected, the total intensity 
of the waves entering the interaction region is equal to the total intensity 
of the waves leaving this region: 

ler +] cg) = lei? +] cg. (24.46) 

It is clear from the relations (24.25) that the connection between the 
ordinary and extraordinary waves as they pass through a quasi-transverse 
magnetic field region is determined by the characteristic parameter 259. At 
the limit with 269 < 1 the transformation effect is maximal—a wave of one 
type changes completely into a wave of another type (¢; = c1; ¢, = c2), 
whilst with 259 = 1 there is no interaction (c = C2; c = cı). 

The expression for 59 is obtained above in the form of the contour 
integral (24.42), whose calculation in the general case is difficult. The 
problem is simplified, however, with the condition v « 1, which is the 
only strong interaction expected. Here along the integration contour 
nı = Mg ~ 1 and therefore 


2 p2 
28o ~ —ien $ mn dt. 





t The replacement of the notations C, > c; and C, > c, is explained by the fact 
that when going round the branching point of the function na—n, (the point +29) 
the refractive index n, changes into n, and vice versa; thanks to this the constant C, 
characterizes to the left of the interaction region the amplitude of wave 1 (extraordinary) 
and C, the amplitude of wave 2 (ordinary). 
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Substituting the expressions (24.28) in this as nj, we obtain (Zheleznyakov 
and Zlotnik, 1963): 


2by x Tene f VOTES = -nono VI- Rot lo“! (24.47 
0 2 (24208 —1 d TQHY i226 ( ) 


Here o = w?/(1—v) ~ w. In the case when 20) ~ 2w, < 1 (i.e. with the 
condition that in the quasi-transverse field region u = w7,/w? « 1) the 
coupling parameter is 


4 4 
280 ~ meee = a (24.48) 
c z 


dz 











It can also be written slightly differently if we remember that in the trans- 
verse field region dw,/dz = / 2w,(dx/dz) and 2%? = u: 


3/2 3 3 

Joa OLU _ NH 1917 DH . (24.49) 
8c n 3272cimif* Eas ys ge. 
dz dz dz 











The expression for 249 with an accuracy of up to a numerical factor of 
order unity is the same as the expression for the parameter G (24.21): 
259 = 1G/2. 

Equations (24.45) and (24.49) can be used to plot the function of the 
degree of circular and linear polarization of the emission coming from the 
coupling region into the quasi-longitudinal propagation region if we 
know the characteristics of the emission incident on the first region. 

It is known (see section 6) that the degree of circular polarization ọ. 
of the emission is defined by the equation oe, = ,—7,)/U,+1,), where J, 
and J, are the intensities of the anticlockwise and clockwise polarized com- 
ponents, equal in our case to (c,)? and (c,)? respectively. The degree of 
linear polarization 0, in its turn is determined from the relation o? +0? = 0”, 
where ọ is the total extent of the emission’s polarization. 

If a wave of only one type (for example, an ordinary one) with an in- 
tensity c of unity enters the quasi-transverse magnetic field region, then 
in accordance with (24.45) an ordinary wave leaves it with an intensity 


1—e-2% 
and an extraordinary wave with an intensity 
[e— 20, 
The degree of circular polarization in this case is 


Oc = —1+4+2e-*%, (24.50) 
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and of linear polarization is 
pi = 2e-% 4/1 — e-2% (24.51) 


(since 9 = 1). The sign of o, and the direction of rotation in the resultant 
polarization ellipse should change when ôo = + In 2 ~ 0-35. This value 
corresponds to the frequency 


5 3 1/4 3 1/4 
fi “| _ NB __ | X poega] , (24.52) 


321n2-2?m'*c* ae 
dz 














given previously with less accuracy (see (24.22)). The corresponding graphs 
of 9, and 9, as functions of f/f, are given in Fig. 131 (curves I). 


2, å Clockwise 





Anticlockwise or t 198 
i : fr Mc/s 
Fic. 131. Degrees of circular and linear polarization as functions of the ratio 


if, 


If the emission entering a transverse magnetic field region contains, as 
well as a polarized component (corresponding to a wave of one type), 
an unpolarized component, then the values of the degree of circular and 
linea: polarization decrease by a factor of ọ when compared with those 
given above: 


r i,-TI, i -r Pea 
e= ira = Ole = Vee? = eV- = po. (24.53) 


Here J,, I, and @,, 0; relate only to the polarized part of the emission; the 
values of the latter as before are defined by the expressions (24.50) and 
(24.51). We note that, as can easily be checked by means of the relations 
(24.45), that when the unpolarized and polarized components pass through 
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an interaction region they retain their intensities J,,, and J;+J,. Therefore 
this interaction effect, although it alters ọ, and g;, in no way has any effect 
on the magnitude of the total degree of polarization o. 


CERTAIN FEATURES OF SOLAR RADIO EMISSION POLARIZATION AND THEIR 
INTERPRETATION ON THE BASIS OF WAVE COUPLING IN THE REGION 
OF A QUASI-TRANSVERSE MAGNETIC FIELD IN THE CORONA 

The case of interaction investigated above has a significant part to play 
in explaining the observed polarization characteristics of solar radio 
emission and above all the change in the sense of rotation of the polarization 





Spot 


Fic. 132. Position of region of transverse wave propagation above a bipolar 
group of spots 


according to the waveband, which was found by Tanaka and Kakinuma 
(1959), Kakinuma (1958) in two-thirds of the microwave bursts at frequen- 
cies of the order of 3000 Mc/s (see section 11). The explanation suggested 
by Cohen (1960) for this frequency dependence e,(/) is quite reasonable 
on the basis of what has been said above, if under the conditions of the 
solar corona, namely in the layers where there is transverse propagation 
of radio emission from a source of bursts towards the Earth (Fig. 132), there 
occurs such a combination of the parameters N, Ho and da/dz that the fre- 
quency f, ~ 3000 Mc/s. According to (24.52) the latter holdsif NH3| da/dz|-} 
~ 4X10, From this it is not hard to obtain an estimate for the magnetic 
field strength in the interaction region by putting N ~ 3X 10° electrons /cm? 
and |dz/dz| ~ 107-2°cm~!; then Ho ~ 5 oe. The value of Ho is obviously 
rather weakly dependent on the value of the parameters N, |d«/dz| and far 
more strongly on the value of the characteristic frequency f, When the 


365 


Electromagnetic Waves in the Solar Corona [Ch. VI 


latter changes from 1000 to 9400 Mc/s (the scatter of f, within these limits 
is actually observed in microwave bursts) the field changes approximately 
from 2 to 20 oe. 

The position of the interaction region in the solar corona can be judged 
if we state a definite model of the magnetic field Ho in the active region of 
the corona and the distribution of the electron concentration in the latter. 
A treatment of this kind has been carried out in the papers by Cohen and 
Dwarkin (1961), Cohen (1961a), where the magnetic field of the centre of 
activity is approximated by the field of a vertical magnetic dipole situated 
at a depth of (0-1-0-2)R, beneath the photosphere. A given configuration 
of the lines of force determines the position of the interaction region in 
the corona which, of course, also depends on the localization of the radio 
emission source in a centre of activity and the position of the latter on the 
Sun’s disk. For example, for a source at an altitude of 5x10 km at a 
distance of 10° km from the dipole axis the quasi-transverse field regions are 
located at altitudes of about 10° km from the photosphere (for centres of 
activity at an angle of less than 60° from the centre of the disk). By putting 
an actual electron concentration at the centre of activity we can find the 
product N|d«/dz|~1 in the quasi-transverse field region. The field strength 
Ho then necessary for changing the sign of the polarization at the frequency 
J, can be obtained from the formula (24.49). It is assumed by Cohen (1961a) 
that the electron concentration in a centre of activity corresponds to 
Newkirk’s distribution (see Table 2 in section 1); the values of Ho obtained 
as a result, which in the final count determine the value of the magnetic 
dipole moment, are close to the estimates given above. 

We notice the following as regards the actual nature of the frequency 
dependence of the degree of circular polarization of microwave bursts. 
If completely polarized emission (an ordinary wave) enters a transverse 
magnetic field region, then the expected dependence 0,(f) is defined by the 
curve I in Fig. 131. Polarization measurements by Tanaka and Kakinuma 
(1959) and Kakinuma (1958) show, however, that the degree of circular 
polarization is not more than 40%, even at frequencies which, to judge 
from this curve, correspond in practice to the absence of interaction (f = 
1000 Mc/s) and acomplete change of one waveinto another (f = 9400 Mc/s). 
This can be explained. if the emission leaving the generation region is 
only partly polarized; with ọ ~ 0-4 the frequency dependence of the 
degree of circular polarization o,(/) (curve II in Fig. 131) corresponds better 
to the experimental results of Tanaka and Kakinuma (1959) marked by 
dots in the same figure (the values of 0. at the maximum of the burst of 
15 July 1957 at frequencies of 1000, 2000, 3750 and 9400 Mc/s). It follows 
from Kakinuma’s more detailed data (Kakinuma, 1958) that the degree of 
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circular polarization ọ, averaged over fifty-seven bursts at these frequencies 
is 36, 27, 10 and 20% respectively, the direction of rotation changing at 
J; ~ 3000 Mc/s in the majority of the bursts. Therefore at the frequencies 
of 1000 and 9400 Mc/s that are far enough from f, the value of 0, is not 
the same, unlike the frequency dependence @,(f) shown in Fig. 131. This 
circumstance can be explained by the fact that the degree of polarization ọ 
of the emission entering the transverse field region changes according to 
the band.t 

The expected frequency dependence of the linear polarization @, for 
o = 0-4 is also given in Fig. 131 (curve II). It is clear from the figure 
that at frequencies of f ~ f, the values are 0, ~ 0-4; such values can in 
principle be measured. However, in the process of subsequent propagation 
in the corona the plane of linear polarization will undergo strong rotation 
—by an angle Ay ~ 47X 104f—2NHAoL (23.21), where L is the length of a 
ray in the effectively rotating part of the corona. In the case of interest to us, 
when f ~ 3X10° sec"!, N ~ 3X 10° electrons/cm’, Ho ~ 6 oe and L ~ 
101° cm, the angle Ay is 3X 10+ radians. According to section 23 because 
of dispersion of the angle of rotation linear polarization can be found only 
with observations with a polarimeter having a narrow enough frequency 
band: Af, < f/24y ~ 5X10% c/s. This fully explains the negative results 
of Kakinuma (1958) in measuring the degree of linear polarization of 
microwave bursts at a frequency of f = 3750 Mc/s where it should be close 
to the maximum (since f ~ f,; Fig. 131): the polarimeter band here was 
too large (about 10 Mc/s). 


+ Other explanations have also been suggested for the change in the sense of the 
polarization that link the latter with features of the wave generation and propagation 
in the source itself. According to Kakinuma (1958) the change in the sense of the polari- 
zation at the frequency f ~ f; is caused by the fact that the reflection level of an extra- 


ordinary wave v = 1— Ju (generated, by assumption, more efficiently than the ordinary 
component) is situated with f ~ fı in the middle of the source. Then with fœ f; this 
level moves closer to the Sun’s surface and waves of both types escape beyond the source 
“without hindrance. The resultant polarization here will obviously correspond to an 


extraordinary wave. On the other hand, with f « f, the v = 1 — V u level will rise higher 
than the source, so only ordinary emission with the opposite polarization will escape 
from it. Takakura (1959) developed a point of view close to this (with the difference only 
that instead of the reflection level of the extraordinary wave the level u ~ 1 of its ab- 
sorption by coronal electrons was treated; see section 26). Explanations of this kind 
do not seem very convincing to us since they require very considerable magnetic fields 
in the source above the flocculi: since here v « 1, we should have u ~ 1 in both cases, i.e. 
SJ, = @y/2x. For example, at times inversion of the sign of the polarization is observed 
at frequencies f > 3750 Mc/s and therefore from the above point of view H, should be 
greater than 1350 oe. It also remains unclear how to match this kind of explanation 
with the fact that is sometimes noted of double inversion of the polarization sign ac- 
cording to the band. 
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At the same time it is well known that the polarization of certain com- 
ponents of the solar radio emission sometimes differs noticeably from circu- 
lar. Since ordinary and extraordinary waves escaping beyond the corona are 
circularly polarized ellipticity can be the consequence only of coherence 
between these waves; in this case the resultant polarization ellipse will have 
considerable eccentricity only when the amplitudes of both types of wave 
are comparable. On the other hand the coherent nature of the ordinary 
and the extraordinary waves leads to effective rotation of the polarization 
ellipse in the corona and dispersion of the ellipse’s orientation Ay in the 
frequency band of the polarimeter. The latter masks elliptical polarization, 
so, according to section 23, it can be observed only if the quantity dy 
(i.e. the value of the angle of rotation Ay) is far less than that expected 
when the Faraday effect is operative over the whole path of the radio 
emission source before leaving the corona. 

The circumstances of the necessary limitation of the Faraday effect’s 
sphere of action can be pictured as follows. Let the polarized part of the 
emission contain only waves of one type by virtue of some causes or other 
connected with the conditions of the generation or escape of the radio 
emission from the source.t Then the Faraday effect will be absent until, 
because of partial transformation of waves in a certain coupling region, 
coherent ordinary and extraordinary waves appear in the composition of 
the polarized component. If the transformation process takes place 
effectively enough it will lead to noticeable ellipticity of the emission 
leaving the corona; if at the same time this process takes place in high 
enough layers of the corona, then because of the low values of N and Ho 
above these layers the small value of the Faraday rotation Ay and there- 
fore the dispersion dy in the polarimeter band do not prevent the record- 
ing of elliptical polarization. 

It was explained above that the efficiency of wave transformation in a 
coupling of the limiting polarization type is negligible under the condi- 
tions of the solar corona. Interaction in a quasi-transverse magnetic field 
region plays a more important part; as we shall now see, under certain 
conditions it can explain the appearance of coherent extraordinary and 
ordinary metric band waves in high enough layers of the corona. In the 
centimetric band, however, the interpretation of the elliptical polari- 
zation meets with certain difficulties. 

In fact, in accordance with section 23, the value of 4y should be less 
than 6X10? radians for recording of the elliptical polarization of the 
microwave bursts in Akabane’s observations (frequency f = 9500 Mc/s, 


t In the opposite case it is known that no ellipticity will appear (section 23). 
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band Af, ~ 8 Mc/s). It ‘follows from (23.21) ‘that this occurs in the case 
that in the region where the Faraday effect is operative 


NHo < 10°8(L cos «)7}. (24.54) 


On the other hand, to create the observed ellipticity p œ= 0°8 it is necessary 
for the ratio of the intensities of the two types of wave I,/I,; to be about 
0:01. The content of extraordinary and ordinary waves leaving the quasi- 
transverse field region is defined by the expressions J, = e~*%, J, = 1— 
e~*: their ratio will obviously be close to 0°01 if the characteristic inter- 
action parameter 26 is equal to this value. Then in accordance with (24.49) 
in the coupling region 

da 


3a R. 0 
NH} ~ 8:10” | T 


(24.55) 








The values of N and Ho in (24.54) and (24.55) are naturally thought of as 
quantities of the same order and we take it that cos æ ~ 1, |d«/dz|~1 ~ 
L ~ 5X10!°cm. Then it follows from these relations that in the layers 
starting at the interaction region and above Ho > 28 oe, N < 7X105 
electrons/cm*. There is little probability of such a combination of values 
of N and Ho in the corona (see section 1). A more realistic combina- 
tion (Ho > 2:8 oe, N < 7X10? electrons/cm’) can be obtained by putting 
| da/dz|-1 ~ 510% cm, L ~ 5X10? cm. These values of the charac- 
teristic dimensions cannot be recognized as ordinary, however. Therefore 
further careful measurements become attractive to check the actual fact 
of the existence of the elliptical polarization of the microwave bursts. 

In the metric band the position is more favourable. According to sections 
12 and 14 the polarization ellipses of types I and III bursts sometimes differ 
essentially from a circle. For an ellipticity of p ~ 0-5 the ratio of the inten- 
sities of two types of waves J,/J, and at the same time the quantity 259 
take up values around 0-1. Then for type I bursts observed at a frequency 
J = 200 Mc/s in the band 4f, = 0-5 Mc/s 


da. 


aw 
NH} ~ 1085 | = 


; (24.56) 








and Ay < 10° radians, i.e. in the region of action of the Faraday effect 
NHo < 10(L cos a)™t. (24.57) 


With identical N and Hoin (24.56), (24.57) and also with L cose ~ |dx/dz|—1 
~ 5X10" cm it follows from these relations that Ho > 1 oe, N < 2x 104 
electrons/cm?. For the type III bursts studied by Akabane and Cohen at 
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the same frequency the product NH is of the same order as for the type 
I bursts. For this case it is known that Jy ~ 104 radians (see section 23), i.e. 


NHo ~ 10°(L cos «)~2. (24.58) 


Then Ho ~ 0:3 oe, N ~ 7X 104 electrons/cm?. 

The requirements imposed on the values of N and Ho when interpreting 
the elliptical polarization of types I and III bursts can apparently be 
satisfied in the outermost layers of the corona (in the supercorona). We 
note that if this explanation is correct, then elliptically polarized bursts 
should show inversion of the sign of the polarization according to the 
band. Unfortunately the polarization of bursts at metric wavelengths has 
not yet been studied from this standpoint. 

The phenomenon of inverting the sense of the polarization found in ob- 
servations of microwave bursts may in principle also occur for the slowly 
varying component of the solar radio emission whose polarized component 
is generated in the lower layers of the corona above spots. In order to exa- 
mine the polarization characteristics of emission escaping beyond the corona 
in this case, let us examine, following Takakura (1961a), a model of a bipolar 
group of spots, the field Ho above it being given by a horizontal magnetic 
dipole situated at a depth a = 0-1R, or 0-05R, from the photosphere (see 
Fig. 132), whilst the distribution of the electron concentration is described 
by the Baumbach—Allen formula (1.1). Let emission, initially left-handed 
polarized, proceed from a point source situated at an altitude 4 =0-05R, 
above the south magnetic pole, which for the sake of definition is con- 
sidered to be the preceding spot, whilst the right-handed polarized emission 
proceeds from a point source situated at the same altitude above the 
north magnetic pole (succeeding spot).t The distance between the spots 
is taken as 0-2R,. Then it is not difficult to calculate the altitude of the 
quasi-transverse field h, and the frequency f, as a function of the helio- 
graphic longitude © of the bipolar group (considering that the latter is 
located close to the solar equator and taking various values for the magnetic 
field Ho at the base of the spots). Results of the calculations for a = 0-1R, 
are given in Fig. 133; in the case of a = 0-05R, the values of h, and f, 
differ little from those given. 

It is clear from Fig. 132 that in the model of the magnetic field used the 
emission from the preceding spot passes through the quasi-transverse 
field region only if the angle © is negative (i.e. the group is located in the 
western hemisphere); when © = 0 the case of quasi-transverse propaga- 


t This choice of polarization corresponds (in accordance with the observations; see 
section 10) to predominance of emission of the extraordinary type in the composition 
of the slowly varying component. 
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tion does not occur. For emission from the succeeding spot the situation is 
the opposite: it passes through a quasi-transverse field region when the 
angle @ is positive, i.e. the group is localized in the eastern part of the 
solar disk. As |O] decreases, i.e. as the spots approach the central merid- 
ian, the altitude h, increases and the frequency f, decreases. We recall 
that emission at a given frequency f changes its sign with propagation 
through a quasi-transverse field region until f < f,; this inequality occurs 
only at large enough distances of the group from the central meridian, 
which are easy to determine from Fig, 133. 


fy Mc/s 
10° 


Mixed 
\ polarization / 





East ll West 


Fic. 133. Dependence of fiand Ay on Fic. 134. Sign of rotation of polarization 
the heliographic longitude above of slowly varying component as a function 
a bipolar spot (Takakura, 1961a) of the position of the bipolar group on 
the solar disk; a—anticlockwise (left- 
handed); c—clockwise (right-handed) 
polarization 


The distribution of the signs of rotation of both sources of polarized 
emission in the bipolar group according to the values of O obtaining as 
a result is shown in Fig. 134. It follows from it that when the group with 
the preceding S-spot appears on the eastern edge of the disk the emission 
from both spots has left-handed polarization; in the period when the group 
approaches the central meridian the emissions from the different spots have 
different senses of polarization; on moving further towards the western 
edge of the disk the polarization of both sources once more becomes the 
same (right-handed), 

Therefore the direction of rotation of the polarization vector in the 
total emission produced by the bipolar group of spots as a whole should 
change when this group crosses the central meridian because of the inter- 
action effect in the quasi-transverse magnetic field region. This kind of 
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phenomenon is sometimes actually observed (section 10), although it is 
recorded far from often as could be expected on the basis of the model of 
the centre of activity taken above. 

On the other hand, polarization observations (Tanaka and Kakinuma, 
1958) of one of the bipolar groups of spots made during the eclipse of 19 
April 1958 at frequencies of 2000, 3750 and 9400 Mc/s showed no change 
in the sense of the rotation according to the band in the emission connected 
with each spot separately: the sense of the rotation at all the frequencies 
corresponded, as usual, to preferential generation of extraordinary waves 
in the sources above the spots. It is significant that this occurred under 
conditions when, according to the dipole model of the magnetic field, the 
emission should have passed through a quasi-transverse field region with 
a value of the characteristic frequency f, within the band studied. Since 
there is no doubt of the existence of the effects discussed above that accom- 
pany the passage of radio waves through a quasi-transverse magnetic field 
region, the only conclusion that can be drawn from this is that the dipole 
approximation of the magnetic field of bipolar groups is inaccurate at a 
sufficient distance from the spots: in actual fact in the majority of cases the 
configuration of the lines of force in the corona is such that the region of 
mixed polarization is far wider than that shown in Fig. 134. Another 
indication of this is apparently the usual constancy of the sense of the 
polarization of noise storms when their sources cross the central meridian. 

In conclusion we note that the effect of coupling in a quasi-transverse 
field region also occurs under certain conditions in the exospheres of plan- 
ets and the interplanetary and interstellar medium. The possible part 
played by this effect in the formation of the observed characteristics of 
Jupiter’s sporadic radio emission will be discussed in section 32. As for 
the interstellar medium, strong interaction occurs there when radio emis- 
sion passes through a system of clouds with different orientations of the 
magnetic fields over practically the whole range of frequencies that are of 
interest in radio astronomy. The characteristic frequency f, above which 
propagation through a transverse field region does not alter the sense of 
rotation of the wave is of the order of 0-1 Mc/s here. This is easily checked 
by substituting parameter values typical of the galactic conditions in the 
formula (24.52): Ho ~ 3X107® oe, N ~ O-1 electron/cm’, [da/dz|-1 ~ 
3X 107° cm. 
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25. Coupling of Electromagnetic Waves and the Problem of the 
Escape of Radio Emission from the Corona 


PRELIMINARY REMARKS 


The discussion of the problem of the escape of radio emission beyond 
the limits of the corona actually started as early as section 23, where the 
conditions for direct escape were explained in the framework of the 
approximation of geometrical optics. It turned out that the only waves to 
escape from the corona are those which correspond in Figs. 123-5 to the 
sections of the dispersion curves nj(R) contained between the values 
n? = 0 in the corona and nj = 1 outside it.t The condition nj(R) = 0 
determines the lower boundary of the region from which radio emission 
escapes from the corona without hindrance. For extraordinary waves 
at this boundary v = 1—4/u, for ordinary waves v = 1, i.e. in the latter 
case the boundary is located in the deeper-lying layers of the corona. The 
waves corresponding to the other branches of the dispersion curves are 
not able to escape beyond the limits of the corona. In this question 
the problem quite naturally arises of finding the conditions under which 
the “transition” of emission from these branches to sections of the dis- 
persion curves corresponding to waves leaving the corona occurs and of 
the estimation of the efficiency of this kind of transition. 

One of the possible ways of solving the problem of escape is the coupling 
action and mutual transformation of “normal” waves in the v ~ 1 region, 
which under certain conditions appears both in a magnetoactive and in an 
isotropic regularly non-uniform plasma. Another possibility is connected 
with the statistical non-uniformity of the plasma, which exists because of 
fluctuations in the electron concentration caused by the thermal motion 
of the plasma particles. In actual fact the non-uniformities, which have a 
characteristic spatial dimension of the order of a wavelength, cause notice- 
able scattering of the latter. This process obviously cannot be described 
in terms of geometrical optics, unlike the scattering of radio waves on 
large-scale coronal non-uniformities mentioned in section 22. Therefore 
the scattered emission contains, generally speaking, all the types of “nor- 
mal” waves propagated in the corona, i.e. scattering on fluctuations in the 
electron concentration is accompanied by the transformation of waves of 
one type into another. 


t However, even when escaping from these regions the emission may be considerably 
attenuated because of strong absorption in the plasma. The effect of absorption on the 
propagation and escape of emission from the corona is discussed in section 26. 
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The problem of the change of plasma waves into electromagnetic ones 
arises in connection with the circumstance that in a strictly uniform plasma 
both types of waves in the linear approximation are in no way connected 
and are propagated completely independently. This follows formally from 
the fact that plasma and electromagnetic waves in a uniform plasma are 
normal waves, i.e. linearly independent solutions of the Maxwell equations 
and the equations of the plasma motion. 

This problem is particularly important for the “plasma hypothesis” of 
the origin of the solar sporadic emission (see section 31). According to 
this hypothesis the source of the observed radio emission is plasma oscilla- 
tions (waves) excited by a certain agent in the solar corona at frequencies 
of œ ~ w,. An argued extension of this point of view to the origin of the 
sporadic radio emission depends on whether plasma waves under the actual 
conditions of the solar atmosphere can be transformed with sufficient effi- 
ciency or not into electromagnetic emission leaving the corona. The point is 
that the plasma waves themselves, being excited near the œ; ~ œ level, are 
completely absorbed in the more rarefied layers of the plasma because of 
the so-called Landau damping (see section 26). 

Generally when looking for ways in which plasma waves change into 
electromagnetic ones and illustrating the difficulties connected with this, 
stress is laid on the fact that plasma waves in a uniform isotropic plasma 
are purely longitudinal and therefore have no magnetic field (curl E = 0, 
H = 0). Since in electromagnetic waves, on the contrary, H # 0 it be- 
comes clear that with excitation in a certain region of a system of plasma 
waves no electromagnetic emission will escape from this region. From this 
follows the incorrectness of the “aerial theory” of plasma emission put 
forward by Feinstein (1952) and Sen (1955). Representing a plasma wave 
in the form of a certain secondary polarization P** = E/4x (or secondary 
current j** = @P°*/82), they find the transverse electromagnetic waves 
“emitted” by a plasma wave in a uniform medium. It is known, however, 
that a distribution of secondary currents j** that is subject to the condition 
curl J= = 0 does not produce electromagnetic radiation, although it is 
this condition that should be satisfied both in a single plasma wave or in 
any combination of plasma waves (since in them curl E = 0). The appear- 
ance in Feinstein (1952), Sen (1955) of a non-zero Poynting vector charac- 
terizing the energy flux of the transverse electromagnetic waves is connect- 
ed with the impermissible replacement of a plane plasma wave by a linear 
current (Zheleznyakov, 1958a). 

The absence of a magnetic field in plasma waves being propagated in a 
uniform, isotropic and motionless plasma is a very obvious and sufficient 
but by no means necessary argument against their change into waves of 
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another type. An example is a uniform magnetoactive plasma where the 
plasma waves have a weak magnetic field but, while remaining normal 
waves, are propagated independently of the ordinary and extraordinary 
waves and do not change into the latter. 

As another example we can point to the case of an isotropic plasma 
moving as a whole relative to a fixed coordinate system at a velocity Vo = 
const. Larenz (1955), it is true, has stated that under these conditions 
the change of plasma waves into electromagnetic emission does occur. 
This point of view, however, contradicts the relativity principle: if a plasma 
wave is propagated in a plasma at rest and there are no electromagnetic 
waves connected with it passing beyond the plasma (into a vacuum), then 
no transition into a coordinate system moving relative to the plasma can 
lead to the appearance of waves of this kind. The presence of a magnetic 
field in the plasma waves.in a coordinate system where Vo # 0 can in no 
way help in this respect (Zheleznyakov, 1958a). The ratio of the transverse 
component of the electric field to the longitudinal found by Larenz (1955) 
in the light of what has been said in no way characterizes the interaction 
between waves of different types which here are strictly independent; this 
quantity defines only the relative content of the longitudinal and transverse 
components in the plasma wave, which in a moving medium, generally 
speaking, is not longitudinal.t 

A similar error is made by Hruška (1962) where the “interaction” 
of waves in a uniform plasma with an anisotropic velocity distribution of 
electrons is discussed. This anisotropy leads to anisotropy in the electron 
pressure. Thanks to this the normal waves cease to be purely longitudinal 
and transverse. In this case as well, however, they of course remain com- 
pletely independent; when the pressure anisotropy disappears they change 
into the ordinary plasma and electromagnetic waves of an isotropic plasma. 
As a whole the situation is entirely similar to that occurring in a uniform 
magnetoactive plasma (right up to the nature of the change to the isotropic 
case; in this connection see section 23) and in a uniform moving plasma. 
It is therefore clear that finding the transverse components of an electro- 
magnetic field from a given longitudinal component Æ under anisotropic 
pressure conditions will give an idea only of the connection between the 
field components (on the nature of the polarization) in each individual 
normal wave, but not of the interaction between them. 

The position changes sharply under the conditions of a non-uniform 
plasma where the interaction and transformation of waves of different 
types, which in principle occur throughout the plasma, become particularly 


+ As far as can be judged Larenz (1962) has lately reviewed his opinion on the condi- 
tions under which wave interaction occurs. 
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effective in regions where there is simultaneous violation of the geometrical 
optics approximation for these types of waves. In this case the non-uni- 
form nature of the plasma may be due to a change in space in the magnetic 
field Ho, the electron concentration N, the temperature T or the velocity 
Vo of the plasma.t 


CONVERSION OF PLASMA WAVES INTO ELECTROMAGNETIC WAVES IN A 
SMOOTHLY NON-UNIFORM ISOTROPIC PLASMA 


The problem of the transformation of plasma waves into electromagnet- 
ic ones under the conditions of a smoothly non-uniform isotropic plasma 
(whose properties change because of the dependence of the concentration 
No on the radius vector R) can be stated as follows. There is a plane-layered 
plasma where 


¥o=0, Ho=0, T = const, No = No(z). (25.1) 


In it a plasma wave of frequency w is propagated with a given intensity 
and a wave vector k lying in the plane yz. We have to find the intensity of 
an electromagnetic wave excited by a plasma wave when the former leaves 
the medium (Zheleznyakoy, 1956; Zheleznyakov and Zlotnik, 1962 and 
1963).t 

The system of initial equations for solving this problem by the quasi- 
hydrodynamic method consists of the Maxwell equations (22.6) and the 
equations of motion of the electrons (22.9) in which we must put Ho = 0. 

Starting from these equations we can confirm that the fields with the 
components E£,, H,, H, and H,, E,, E, do not depend on each other. The 
presence in (22.9) of terms that allow for the electron pressure and make 
possible the propagation of plasma waves is in no way reflected in the 
field with the components £,, H,, H,. The latter is therefore of no interest 
and we shall turn to investigate the fields containing H, E,, E,. By finding 
the solutions for them in the form 


H, = W(z) exp (ikona sin p-y+iot), 
E, = V(z) exp (ikons sin g -y+ iot), (25.2) 
E; = U(z) exp (ikon sin pọ -y+ iot), 


(where ky = w/c, ọ is the angle between the z-axis and the wave vector of 
a plasma wave with the refractive index n3) it can be shown that na sin pọ = 


+ The question of the interaction of waves of different types in conditions when the 
non-uniform nature of the plasma is determined by the dependence of its velocity V, 
on the radius vector R has not yet been studied in detail when correctly stated. 

t The opposite problem of the conversion of an electromagnetic wave into a plasma 
wave has been discussed by Denisov (1954). 
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const (the refraction law), whilst W and U obey the equations (Zhelez- 
nyakov and Zlotnik, 1963) 











de 
Pw dz Lint ge) a 3(e ~ af) 
dz e’—sin? go (1 me Kd w 
cl 
_ Sin poBin 4% dU 
e'— sin? po l—e’ dz’ (25.3) 
de’ 
epe Œ du , 
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The quantity v in the conditions of the solar corona and the planetary 
ionospheres at the frequencies of interest to us is very small. For example 
if we put œ ~ 272X 108 sec, »,.4 ~ 6 sec (which is typical for the corona), 
then » ~ 1078. Therefore e’ and fip are close to the dielectric permeability 
£ of an isotropic plasma in the absence of collisions and the ratio B,, of 
the thermal velocity to the velocity of light introduced in section 22 
(unless we consider small imaginary additions of the order of v). Unlike the 
previous case, however, when the smallness of v made it possible to neglect 
the collisions immediately, this cannot be done here. The point is that 
with v = 0 the quantity e’ becomes real and the coefficients in the equations 
(25.3), (25.4) that contain the factor 1/(e'— sin? po) become infinity at the 
point where e = sin? po. Therefore in the solution of the system (25.3), 
(25.4) it is considered that » = 0 and only in the final expressions for the 
fields of an electromagnetic wave leaving the plasma does it make the tran- 
sition to the limit » — 0 (in Bj, we can immediately put » = 0, which is 
what is done below). 

The quantity go in the equations under discussion is the formally intro- 
duced (in accordance with the refraction law) “angle of incidence” of a 
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plasma wave corresponding to a layer where the concentration is No = O 
and the refractive index of this wave is m3 = c/V,, (22.19a). In actual fact, 
because of Landau damping the plasma wave can be propagated only in 
a region where w% is close to œ?, i.e. |e’| < 1 (see section 26). 

The relations (25.3), (25.4) are a system of two connected second-order 
equations. With normal propagation (po = 0) the equations split, the 
first of them describing a transverse electromagnetic wave and the second 
a longitudinal plasma wave. If the angle po is non-zero, then the homogene- 
ous equations corresponding to (25.3), (25.4) characterize an electro- 
magnetic and a plasma wave whose electrical vectors are located in the 
plane of incidence (in the plane yz). The configuration of the rays for 
the electromagnetic and plasma waves is shown in Fig. 135. This allows 






1 
l 








y 


Fic. 135. Trajectory of rays in a plane-layered isotropic plasma for inter- 
acting plasma and electromagnetic waves. 


for the fact that in accordance with the law of refraction ns sin ¢ = const, 
where the constant is the same for both waves, the projections of the 
wave vectors kı 2 and ks onto the y-axis coincide. 

The approximation of geometrical optics for an electromagnetic wave 
is violated in the vicinity of the points e’—sin? yo/B%, = 0 and e’—sin? po 
= 0; at the first the wave is reflected and at the second the solution has a 
singularity which shows itself in the sharp rise in the field E near this point. 
Since the geometrical optics approximation for a plasma wave is also 
violated in the layer e’—sin? po ~ 0 (it is reflected from this layer), it is 
clear that strong interaction and a mutual change of one type of wave into 
the other should be expected at the e’—sin? po ~ 0 level. This interaction 
is allowed for by the terms in the right-hand side of the equations (25.3), 
(25.4). 

The rigorous solution of the system (25.3), (25.4) is difficult. We shall 
therefore try to find only its approximate solution that is valid for small 
enough sin po. From this standpoint we shall use the perturbation method, 
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taking as the zero approximation the solution of the equation (25.4) with- 
out the right-hand side: U = Uz); W = W(z) = 0. This means that 
in the zero approximation only a plasma wave exists; since W‘ = 0 the 
magnetic fields that appear in the process of the plasma wave propagation 
in the non-uniform medium are entirely neglected. The first approximation 
for these fields W = W™(z) can be found by substituting U(z) in the 
right-hand side of the equation (25.3). 

To find the functions U(z) and W(z) we make a simplifying assump- 
tion about the nature of the function e’(z). By noticing that in the condi- 
tions of a smoothly non-uniform medium the actual form of e’(z) is signifi- 
cant only in the regions where geometrical optics are inapplicable, e’— 
sin? po = 0, e’—sin? yo/B,2 ~ 0, which with small enough go are local- 
ized near e’ = 0, we can approximate the actual function e’(z) by the linear 
function 

e'(z) = —z grad e— ùr. (25.5) 


The values of grad £ and v in (25.5) are taken at the point z = 0 (i.e. at 
the point £ ~ 0). The condition for a slow enough change in the properties 
of the medium at distances of the order of 4/2% = c/w as applied to the 
function (25.5) becomes the following: 


w 


cerade” i 





Qn = 


It is satisfied well in the corona (and the ionospheres of the planets) because 
of the smallness of grad e.t 


For a linear layer the solution of the equation (25.4) without the 
right-hand side can be expressed in terms of the Eyrie function v() and 


u(f):t 
U = c,v(C)+ cou), (25.6) 
where 
en \* 


13 
t= (5) & € =z grad e+iv+sin? po. 
th 


The function v(Ẹ) decreases exponentially and u(C) rises without limit 
with € — + œ (Fok, 1946a). Since the plasma wave should disappear in 


+ For example, in a stationary coronal plasma with values of grad £ œ~ 10729 cm™! 
at frequencies of œ ~ 27108 sec"! the parameter gy ~ 10°. The presence of inhomo- 
geneities may reduce its value. In actual fact, in an isotropic plasma grad € cannot 
exceed 1//, in the time t Z 1/ve (lr = Vin/vex is the mean free path of the electrons). 
In the corona V,a ~ 4X108 cm/sec, ven ~ 10 sec—!; accordingly J, ~ 4107 cm and 
On Z (w/o) ~ 10°. 

t This is true if in (25.4) the second term can be neglected. As shown by Zheleznyakov 
and Zlotnik (1963), this neglect is quite permissible with values of y that are not too 
small, which are easily found in the conditions of the solar corona. 
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the depths of the plasma (when z — +œ, i.e. when Re ce’ + — œ), in 
(25.6) the constant cz should be put equal to zero, so 


U = cwĖ). (25.7) 


Allowing for (25.7) the equation for the magnetic field in the first approx- 
imation is of the following form: 

ew 1 sin? po dw, sin? po 

dE? E ( 1— sin? po+ E jz A(t \w = G@), 


B oe v'() 
GE) = eX Pi sin po Fae oF By 





(25.8) 


The general solution of the equation (25.8) can be written by using the 
usual method of variation of a constant: 








WO = y Wit ya Wa- m| We tiw, f WG ge. 259) 


Here W, and Wz are the fundamental system of the functions of the equa- 
tion (25.8); A is a Wronskian equal to Wi(dW2/dé) — W2(dW,/dé); yı and 
y2 are constants determined from the boundary conditions. The latter 
are the requirements that in the depth of the plasma (with z, § + œ) the 
function W® — 0, and at the beginning of the layer the electromagnetic 
wave should be propagated towards the exit from the plasma (see Fig. 135). 
Without dwelling on the details of calculating W™ (the choice of the 
fundamental functions, the calculation of the integrals, etc.) we shall give 
the final result at once.t 

The solution of (25.9) can be represented in the form of the two terms 
W,, and W, so that with large | &| the first of them describes the field of 
the electromagnetic wave and the second is the magnetic field of the plasma 
wave in the non-uniform medium. With simultaneous satisfaction of the 
inequalities 





S29 > B28, S19 < pa, (25.10) 
where 
in3 
SS eee (25.11) 
3 Bin 


the amplitude of the magnetic field of an electromagnetic wave being 
propagated from an interaction region to the exit from the plasma 
c2? On 1/6 B2/3e—25o| E (14 
Va So H22,9(iSo) 
+ For details see Zheleznyakov and Zlotnik (1962 and 1963). 
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(12 ais a Hankel function). Since the electric field in a transverse electro- 
magnetic wave is connected with the magnetic field by the relation H = 
/eE, the mean energy flux in it, in accordance with (22.18), (25.12),t is 


de op pipe 
Sa = gaya oP aa SE O81) 


The energy flux in a plasma wave incident on the interaction region 
e ~ sin? po ~ 0 can easily be written with the help of the relations (22.21), 
(25.2) and (25.7). In the region —¢ > 1, where the approximation of 
geometrical optics holds for a plasma wave E, = cyv(C)e*" si 7 +!", the 
Eyrie function v(C) can be shown in the form (Fok, 1946a) 


oE) ~ Tee sin (31-4) 


4 


= zE E -zema À 


It is clear from this that the amplitude of the z-component of the electric 
field of a plasma wave incident on the layer where interaction occurs is 





° 2 n A 2 7 
i ery Od ere i i g leat gs 


C1 
a zT < on Opus, (25.14) 


Since for small po the electric field of the plasma wave is practically the 
same as its z-component the energy flux is defined by the relation 
cic 


S, x EV BB ~ ae OW on! 3843, (25.15) 


In accordance with (25.13), (25.15) in the case when the inequalities 
(25.10) are satisfied the efficiency of the transformation of a plasma wave 
into electromagnetic radiation, defined as the ratio of the energy flux in 
an electromagnetic wave leaving the interaction region to the energy flux 
in a plasma wave incident on this region, will be 


4 e~ 450 


Q~ 7 SiHS,,GSor ° ec 


In special cases the efficiency of the transformation is defined by the 


t When changing from (25.12) to (25.13) allowance is made for the fact that with 
small angles pọ the amplitude of the magnetic field is close to the amplitude of its x- 
component. 
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following relations: 


Q = Sets (So < 1), 
Q ~ 1/4 (So ~ 1), (25.17) 
Q = 2e7?5a (So > 1). 


It follows from the formulae given that the maximum interaction occurs 
when Sọ ~ 1. It is not hard to confirm that this condition is satisfied if the 
distance Az ~ |z| ~ sin? po/grad ¢-f%, between the reflection point of the 
plasma wave e(z) ~ sin? go (in whose vicinity the interaction occurs) and 
the reflection point of the electromagnetic wave £ ~ sin? po/f?, is of the 
order of the length of the electromagnetic wave in the region of its reflection 
Amax © (c/2w4/ grad £)?”.t If, however, this distance is much greater than 
Amax» then Sp > 1 and the transformation coefficient decreases, since the 
electromagnetic wave on leaving the interaction region undergoes strong 
attenuation until it reaches the level € ~ sin? go/f?,. In the case of So < 1 
this attenuation is insignificant and the efficiency of the transformation is 
low because in the extreme case of extreme incidence (go = 0) there is in 
general no interaction.t 

The perturbation method used above remains correct only in the case 
that the zero approximation in the form of a standing plasma wave (25.7) 
with sufficient accuracy describes the electric field in a plasma. The latter 
is known not to hold in the case of Sp ~ 1, when the flux of the transformed 
electromagnetic wave is comparable with the flux of the incident plasma 
wave. 

For a stricter definition of the limits of applicability of the results 
obtained the next approximation of U™ should be calculated for the 
function U and it should be compared with the zero approximation. Then 
the inequality |U™]<U® will give us the necessary conditions for the 
validity of the perturbation method. The corresponding treatment, which 
is carried out by Zheleznyakov and Zlotnik (1962) shows that the expres- 
sions obtained for Q are correct in the region Sp « 1. For angles po at 
which So ~ 1 and Q ~ 1 the value of (25.17) is of importance only in 
estimating the order of magnitude. As for the formula (25.17) in the region 
So > 1, the factor e~?%* is obviously retained in the precise expression 
for the transformation coefficient, since it defines the exponential decay 
of the electromagnetic wave as it leaves the interaction region; the inaccu- 


+ See the footnote on p. 308. 

t With S, > 0 the first of the expressions (25.17) becomes inapplicable because of 
violation of one of the conditions (25.10). In this case @ approaches zero as 
3-4458". 
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racy of the expression (25.17) with So > 1 is therefore only in the factor 
in front of the exponent. 

Therefore with optimum values of the “angle of incidence” of the plasma 
wave onto the layer when Sp ~ 1 and accordingly 


3 cgrade 


1/3 
fo ~ sin Po ~ Ba (> ce) 4 (25.18) 


approximately one quarter energy flux of this wave transfers into the elec- 
tromagnetic emission. The angles po (25.18) are very small since in a non- 
relativistic plasma f, « 1; in addition, (c/w) grad e « 1 because of the 
slowness of the variation in the medium’s properties (see (25.6)). Putting 
in the corona grad £ ~ 107-19 cm7? and fa ~ 10-2, we obtain for 
w ~ 277X108 sec} that the optimum angle is po ~ 210-5 radian. The 
values of po given relate to the beginning of the layer. In a plasma where the 
phase velocity of the plasma wave is Vpn = Viy/+/ e (for example, at the 
level where this wave is generated) in accordance with the law of refraction 
(22.28a) the angle po corresponds to the angle p, where sin p= sin po/4/ £ = 
sin Po(Vpn/Vin). Remembering (25.18), we obtain for the optimum 
angles p that ensure maximum transformation efficiency: 


1/3 
sin Popt ~ (5) i (25.19) 


w 


For the above values of œ and grad e, sin Pept ~ 2X10~(V,,/c); in 
particular, if V,,/c ~ 1, then Pop ~ sin Pope ~ 2X107? radian. 

If the “emitted” plasma waves occupy a broad angular spectrum (with 
wave vectors concentrated in the solid angle 2), then the only waves that 
are effectively transformed into electromagnetic emission are those for 
which the angle pọ between & and grad e is less than or of the order of the 
optimum angle. This circumstance allows us to conclude that the mean 
transformation efficiency for plasma waves with a broad angular spectrum 
because of regular interaction in an isotropic plasma is 


D ~ 5 Osin*9)s,. ~ (25.20) 


a Vin (3 ¢ grad e\?8 
4Q c2 (5 w ) ' 


In a stationary corona for grad £ ~ 107! cm, œ ~ 2aX 108 sec™!, Q ~ 27 


and Vpn ~ ¢ the efficiency is Ø ~ 5X10-? (Ginzburg and Zheleznyakov, 
1958b). 
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Above, when investigating the transformation of plasma waves into 
electromagnetic ones, the only effects to be taken into consideration were 
those which were connected with the region € ~ sin? po. Wave trans- 
formation in layers where in the first approximation geometrical optics 
are applicable was not taken into consideration because of the relative 
smallness of this effect, although the question of the magnitude of the 
latter may be of interest in the case that the level € ~ sin? po is not reached 
by the plasma waves. The corresponding transformation efficiency in an 
isotropic plasma when there is an electron concentration and tempera- 
ture gradient has been found by Tidman (1960) (see also Tidman and Weiss, 
1961). It follows from the expressions he obtained that the maximum 
possible transformation coefficient in the case 2p < L, where L is the 
characteristic dimension over which the plasma’s density or its tempera- 
ture changes, does not exceed 


A 
Q ~ g pee”. (25.21) 


Here å is the length of the electromagnetic wave in a vacuum, connected 
with the length of the plasma wave in the medium by the relation Ap = 
Abala E. As could be expected, Q < 1 (since Afin «< L with A< L); 
in particular Q is far less than that given (with optimum conditions) by 
interaction in the layer € ~ sin? go. 

It is also reasonable to compare the values of the mean transformation 
O provided that the system of plasma waves has a broad angular spectrum 
in both cases. In both transformation regions a change occurs in practice 
only for those plasma waves which are propagated in a narrow cone 
with its axis running along the gradient. For transformation in the coupling 
region the angle of separation of this cone is defined by the relation 
(25.19) and Ọ by the relation (25.20). For transformation in the region 
of geometrical optics the corresponding angle is sin p ~ V,,/ct and 


+ It follows from the above treatment (see in particular the formula (25.2)) that in a 
plane-layered medium the waves that have the same periodicity in a plane orthogonal 
to the gradient of the variation in the medium’s properties (in the plane xy) are inter- 
connected. In other words, for coupling waves the projections of the wave vectors 
onto this plane coincide: 


O masin ain sin g’ 
¢ 7 g= c L2 P. 
At the beginning of the layer this equality, in which g’ is the angle at which the electro- 
magnetic wave is propagated, becomes 
sin po = fa sin Qo. 


However, sin gy cannot become more than unity; therefore sin pọ = fea and sing = 
sin Po Von/ Vin) = Von/e. 
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accordingly 
: za v3 
O~ gesing s y Phe 2. (25.22) 


The ratio of the mean efficiency coefficients O in order of magnitude is 
known not to exceed 10e~2762,(41*/L"*), which is also much less than 
unity. 


WAVE COUPLING IN A SMOOTHLY NON-UNIFORM MAGNETOACTIVE PLASMA 


A full investigation of the interaction of waves in a plasma in the pres- 
ence of a constant magnetic field Ho is a very complex problem; this is 
quite natural since allowing for Ho leads to a considerable complication 
of the quasi-hydrodynamic equations (22.9). Therefore among the prob- 
lems of the interaction of electromagnetic waves in the region v = w?/w? ~ 1 
only the simplest variants are discussed at present, in which the mag- 
netic field is assumed to be uniform, the medium to be plane-layered and 
the wave propagation to be along the electron concentration gradient.t 

Interaction in the region v ~ 1 with normal propagation (along grad No) 
in a plasma with u = w/w? < 1 was first investigated by Ginzburg (1948) 
and in greater detail by Denisov (1954, 1957) as applied to the so-called 
effect of “tripling” of signals in the ionosphere (see also Ginzburg, 1960b, 
section 28). The possible part played by this kind of interaction in the 
solution of the problem of the escape of radio waves from the corona in 
the presence of a magnetic field has been indicated by Gershman and 
Zheleznyakov (1956). This phenomenon was then studied by Zheleznyakov 
(1958b and 1959b) (see also Zheleznyakov and Ziotnik, 1963) with u < 1 
and with u > 1 (allowing for thermal motion). We notice that in the papers 
by Denisov (1957), Zheleznyakov (1958b, 1959b), and Denisov (1954) 
the whole of the treatment was by the phase integral method which was 
discussed in section 24. Below, therefore, we shall not give the detailed 
calculations (referring the reader to the original papers for them) and shall 
limit ourselves to giving the results obtained by Denisov (1957) and 
Zheleznyakov (1958b and 1959b). 

As can be seen from Figs. 117 and 121, with u < 1 in a regularly non- 
uniform plasma there exists in practice only one interaction region; the 
other region in which n < 0 is generally not reached by the waves since 


Ħt The last limitation is particularly undesirable since an analysis of the dispersion 
curves for the case of inclined propagation (Ginzburg, 1960b, section 29) shows that in 
a layer where the waves travel in a direction close to the direction of H, these curves 
approach for extraordinary and ordinary waves. This makes it permissible to expect 
here effective transformation of waves of one type into another. 
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the latter are exponentially damped as they approach it.t This circumstance 
noticeably simplifies the whole picture of the interaction; it is also signifi- 
cant that in the case when u < 1 thermal motion in the plasma can be 
completely ignored when studying the interaction since the shape of the 
dispersion curves in the region v ~ 1 with £ > 0 changes slightly. This 
allows us when solving the problem to proceed from the equations (24.1); 
however, since here, unlike section 24, the magnetic field is assumed to be 
uniform and the electron concentration to be varying along the z-axis, 
the coefficients A, B, C in (24.2) depend on z via the parameter £ = 1—v, 
whilst œ, = const, œ, = const. For simplicity the function e(z) in the 
interaction region is considered to be linear: e(z) = z grad e. The part 
of the parameter ọy in this case is played by gy = ko/grad £; in the weakly 
non-uniform plasma to which our discussion is limited 0, > 1. 

The solution of the interaction problem in the region v ~ 1 with u < 1 
is exactly like that given in section 24 for the case of interaction in a quasi- 
transverse magnetic field region. The geometrical optics approximation, 
the position of the branching points and the nature of the Stokes lines 
in the complex plane e—everything recalls the problem discussed in 
section 24. It is not surprising, therefore, that the connection between the 
constants in the solution that describes the propagation of extraordinary 
and ordinary waves is in general the same as (24.45) but with the inter- 
changing of the suffices 1 and 2 in the constants in (24.45). This is 
because with quasi-transverse propagation in the vicinity of the inter- 
action region nê < nê, whilst in the case under discussion nj > nê. 
Now, however, the characteristic interaction parameter 269 (we shall 
denote it by 259;) is slightly different in form from (24.42): 


2801 = —ion $ TTM de; (25.23) 


the integration contour embraces the branching points € = +iœo?/w, at 


t Interaction in the region nj < 0 can be significant only if the magnetic field in the 


layer v ~ 1 is very small: 
2/3 
Vus (= grad e) 


(in the case of a weakly non-uniform plasma (c/w) grad € « 1). When this criterion is 
satisfied an extraordinary wave leaving the interaction region is weakly damped in the 
overlying layers 1 > v > 1—4+/#, where n3<0: the point is that in this case the distance 
between the points v = 1 and v = 1—+/z will be less than or of the order of the length 
of an extraordinary wave in the reflection region. In the solar corona for w ~ 27x 
108 sec"! and grad £ ~ 10-71 cm™! this situation occurs only in the fields Hy S 104 oe. 
In actual fact H, > 1 oe there, which requires an increase in grad £ by a minimum fac- 
tor of 10; however, such high values of grad € ~ 10-4 cm! in the corona are very 
improbable, if we exclude the case of charp gradients in shock wave fronts. 
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which 11 = n2. The calculation of 259 with small enough angles æ betweem 
Ho and the direction of propagation of the waves gives (Zheleznyakov,, 
1959b): 


mw TONo; č _7_0 eae 
2801 ~ wo, +1)" ~ 2 cgrade ( ey" . (25.24) 
wH 


When changing to the last expression it is taken into consideration that: 
Oy = o/c grad e, 2(w}/?) = tan «æ and that with small « we can put. 
tana ~a, cosa ~ land œw, ~ w,/o. 

The allowance for thermal motion (i.e. the existence of plasma waves): 
does not alter the connection between the constants in the geometric- 
optical solution, so for waves being propagated towards negative e (into- 
the depth of the plasma) the following relations are as before valid (Zhelez- 


nyakov, 1959b): 
cn = a/1—e-?%m ci e~ For Ci, | (25.25). 


C = €a eg + y 1 — e- 201 cm. 


For waves travelling in the opposite direction 


diy = V1—e-%n du —e-% dm, (25.26) 
din = e~' dy + /1—e-* din. 


The meaning of the notations cy, Cm, dy, Qn and ey, Cms du» dur 
characterizing the amplitudes of the “normal” waves on both sides of the 
interaction region is clear from Fig. 121. The expression for the parameter 
2601, Of course, changes although with the condition f = Vy/c« 1 
that is usually satisfied the corrections to (25.24) will apparently be 
slight. l 

In the case when u > If both interaction regions correspond to the 
values ny > 0 (see Figs. 117 and 125); therefore when calculating the 
interaction in a strong magnetic field or at low enough frequencies both 
regions have to be taken into consideration. The treatment of the connec- 
tion between different types of waves is complicated here by the fact that 
with no allowance made for thermal motion (8%, = 0) both regions are 
located in the vicinity of the branching points € = +iw?/w, and actually 
coincide with each other. Allowing for thermal motion, being connected 
with more cumbersome calculations, in essence simplifies the solution of 
the problem: with £%, 4 0 spatial separation of the interaction regions 
occurs, which allows us to examine the interaction phenomenon in each 
region separately. A detailed investigation (Zheleznyakov, 1958b and 
1959b) shows that the process of wave interaction and transformation. 


t To be more precise, when u cos? a > 1 (see the remark on pp. 319, 320). 
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in general outline proceeds here just as in the case of u < 1. The connection 
between the constants on the two sides of the lower interaction region 
{where the dispersion curves II and III approach close to each other, 
see Fig. 121) is defined as before by the formulae (25.25) and (25.26) with 
the characteristic parameter 269, (25.24). Similar relations between the 
constants in the geometric-optical solution hold on both sides of the up- 
per interaction region (where the dispersion curves J and III are close):t 
ĉi = y T= et +e- m, | (25.27) 
in = — e7 Gp + V/I — e72 ĉin, ` 
dj = V/1—e-% d +e~ din, | 


din = —e~%o a, +V 1— e-n din. 


In these formulae with small « the characteristic interaction parameter is 


(25.28) 





__ Toyo _n w a? 
2502 ~ w!?(wm,— 19/2 2 cgrade 2 am» (25.29) 
(ex) 


Tt differs from the parameter 259, only by the sign in the denominator. 

As an example of the use of the relations (25.25)-(25.28) let us examine 
one of the interaction variants with u < 1, which defines the efficiency of 
the change of plasma waves into electromagnetic emission leaving the 
corona and thus (as well as the similar case with u > 1) holds the greatest 
interest for the theory of the Sun’s sporadic radio emission. Let only a 
plasma wave with an amplitude cy = 1 (i.e. cu = 0) approach an inter- 
action region from the side of positive € = 1 — v (i.e. on the right of it in 
Fig. 121). We shall be finding the amplitude of the ordinary wave d, leaving 
this region. 

In accordance with the conditions cy = 1, cy = 0, for waves leaving 
the interaction region and being propagated to the left of it 


cu =e, ci = V1 — ea, 
Unless we take into consideration the reflection of extraordinary waves 


from the layer v = 1 +u (let us say, because of strong absorption on the 
way to this layer and back)t the amplitude dj, will be zero. At the same 
time the amplitudes ci; and dj, because of reflection of the ordinary wave 
from the point v = 1 are connected with each other by the relation 


' r i m 
dy = cue, p= -2w | mn de +z: 


t The sign ~ above c and d is introduced to distinguish these coefficients from the 
corresponding amplitudes near the interaction region corresponding to smaller values 
of nj. 

t In the cases shown in Figs. 122-4 this layer does not generally exist within the solar 
corona. * 
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Here on J ny is the change in phase on the way from the interaction region 
to the point v = 1, whilst the quantity z/2 allows for additional phase 
shift due to reflection of the wave. From this and from the relations (25.26) 
it follows that Í 


4/1 — e72 dy —e7 on din = ce’? = eo tiv, 
enn dy + 4/1 —e-*0 din = 0. 

Solving these equations for d and dir, we find: 

dy = V1— e720 e-2a+¥¥, dy = — e~ 241 +i¥, (25.30) 
Therefore if u < 1, then with incidence of a plasma wave on a coupling 
region located in layers v ~ 1 an ordinary wave propagated towards 
small v escapes into a region where v < 1. The relative intensity of this 
wave (the transformation coefficient Q) is defined in accordance with 
(25.30) by the formula 

Q = e~*a(] — e— 2); (25.31) 

the relative intensity of a reflected plasma wave will be e74, 

By proceeding similarly it is not difficult to find the amplitudes and 
intensities of the waves for other forms of interaction. The corresponding 
expressions are obtained by Zheleznyakov (1959b) and given in the mono- 
graph by Ginzburg (1960b, section 28). It follows from them that if u > 1, 
then with incidence of a plasma wave on an interaction region v ~ 1 both 
ordinary and extraordinary waves come from the latter; the relative inten- 
sity of these waves, which define the transformation efficiency, are respec- 
tively 

Qı = e- 2o1—2%o2(] — e72), Q2 = e— 4401-2503 J — er), (25,32) 

It is clear from what has been said that the efficiency of the interaction 
is of the order of unity if 24), o2 ~ 1; for example, for u < 1 the maximum 
value of Qnax = 4 is reached with the value 289; = In 2. The efficiency 
drops as 285; 92 decreases (i.e. as the angle æ between Ho and the direction 
of the waves’ propagation decreases), becoming zero when 24,, 9, = 0; 
it also falls very rapidly (exponentially) when 26, o2 (i.e. the angle æ) 
increases, starting at 24), op ~ 1. It follows from this that significant 
interaction occurs provided that the angle æ is contained in the solid angle 
Q around the direction of propagation, witht 


Q m Meaty, 59 = 1 (25.33) 


+ It was noted above that effective interaction exists not only in the case of propaga- 
tion along grad e, but also with inclined incidence (at an angle to grad £). This possible 
form of interaction has not yet been examined quantitatively; there is no reason to 
assume, however, that the solid angle containing the directions of wave propagation 
corresponding to significant interaction with Q ~ 1 differs in order of magnitude from 
the value (25.33). 
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According to (25.24), 25.33) in the conditions of the solar corona for 
w ~ 27X108 sec}, grad e ~ 1071 cm™! and field values of Hp ~ 1 oe 
the solid angle is Q ~ 2X107. When Ho rises the quantity 2 decreases, 
and with Ho ~ 36 oe (when œp, while remaining less than w, is close to it) 
Q ~ 3X10-*. With a further rise in Ho (in the region u > 1) the angle 
Q, as is clear from (25.29), becomes still smaller.t 

If emission of one type (let us say plasma) approaching an interaction 
region has a broad angular spectrum corresponding to a solid angle of 
the order of unity, or in this field there are found different orientations 
of the magnetic field relative to the direction of propagation concentrated 
in the same solid angle, then the mean efficiency of transformation into 
waves of another type ist 

O ~ Qmax (a) 265, 92 1+ (25.34) 
For example, with u < 1 for the change of a plasma wave into an ordinary 
one Q,,,, = 4 and therefore Ø is about a quarter of the value estimated 
above for the effective angle 2 (25.33). 

We note that as a result of wave interaction in a layer v ~ 1 only an 
ordinary wave escapes beyond the corona; the extraordinary component 
cannot pass through a layer bounded at the top by the level v = 1 — y/u, 
since there nj < 0 and the wave is exponentially damped. 

The results obtained, strictly speaking, are valid only in a plasma 
without collisions (vœ = 0). The presence of dissipation in the interaction 
region, however, has no significant effect on wave transformation in a 
non-uniform magnetoactive plasma if 

sin? a 


Fcost (25.35) 


Ver € WH 


(i.e. if v = v g/0 <q = +/u sin? «/2 cos æ). On the other hand, in the case 


of the opposite inequality 
sin? æ 


RT (25.36) 


Ver > WH 


the presence of collisions determines the whole picture of the phenomenon. 


t On the other hand as the field H, decreases in the region Vu < 1 the effective solid 
angle increases and with Vu ~ (2c grad £/w)?!? becomes of the order of unity. However, 
in fields of this kind we must allow for wave interaction in the region nj < O and the 
escape of an extraordinary wave from the latter. Here it is necessary, therefore, to in- 
vestigate the interaction effect anew; a detailed examination has not yet been made. 
We note, moreover, that this relation with œ ~ 27x 108 sec"! and grad € ~ 107! cm~: 
corresponds to fields H, ~ 10~* oe, whose existence is doubtful under the usual 
conditions of the solar corona. 

t To be more precise the value of @ can be obtained by integrating the transforma- 
tion coefficient Q (25.31) or (25.32) over the whole solid angle in which the values of a 
are concentrated. 
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This is connected with the fact that with » >> q the behaviour of the dis- 
persion curves differs noticeably from that indicated in Fig. 117 for the 
angle æ # 0, and corresponds to the case of quasi-longitudinal propagation 
with which, obviously, the transformation of a plasma wave into other 
types of waves is strongly attenuated, and the change of extraordinary 
waves into ordinary ones and vice versa becomes practically complete. 

Since effective interaction occurs in the solid angle Q ~ mC) op 1 
it is clear from (25.35) that allowing for collisions does not alter the esti- 
mates of the transformation efficiency Q if 


Og 
2m ` 





tS (25.37) 
For fields Ho ~ 1 oe and the values of œ and grad « used previously in 
estimates of the angle Q this means that in the layer v ~ 1 we should have 
Yee S 6 sec. If Ho ~ 36 oe, then the condition (25.37) is reduced to the 
following: v». < 3 sec™!. In the corona these conditions are in general 
satisfied, although there combinations of parameters are undoubtedly 
realized in which »,¢ will noticeably exceed w,,02/2z. In the latter case it 
must be expected that the efficiency of the transformation of plasma 
waves into electromagnetic ones will be lower than the values given pre- 
viously. 

In conclusion we note that whilst above we have discussed the interaction 
of waves in the extreme case of a smoothly non-uniform medium (0, => 1) 
in the papers by Field (1956), Kritz and Mintzer (1960), Tidman and Boyd 
(1962) there has been an investigation of the change of plasma waves into 
electromagnetic radiation at a sharp boundary in a plasma. This kind 
of approach is possible only in conditions when the characteristic dimen- 
sion over which there is a significant alteration in the properties of the 
plasma is less than the length of a plasma wave, i.e. oy « 1. In an isotropic 
solar corona, where the mean free path is J, ~ 108 cm, such conditions 
rarely obtain in practice. In the presence of a magnetic field the gradients 
in the corona may be steeper; even in this case, however, it remains 
uncertain whether discontinuities with a front thickness of less than 
2pı/2% (in particular shock waves) can exist in the plasma. 


CONVERSION OF PLASMA WAVES INTO ELECTROMAGNETIC WAVES BECAUSE 
OF SCATTERING ON ELECTRON DENSITY FLUCTUATIONS (Zheleznyakov, 
1959a; Ginzburg and Zheleznyakov, 1958b). 

At the beginning of this section it was noted that when emission escapes 
beyond the corona, as well as interaction in a regularly non-uniform 
medium, a significant part is played by the effect of wave transformation 
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because of their scattering on random (irregular) inhomogeneities of the 
plasma. Regular interaction, which is all that was discussed above, gener- 
ally disappears in a uniform (on the average) medium; only the second 
effect remains—the change of plasma waves into electromagnetic ones 
and vice versa on fluctuations of the dielectric permeability ôe connected 
with the variation in the electron concentration 6N. The latter may be 
caused either by the thermal motion of the plasma particles or by the 
action of other causes (for example, by the presence of perturbations of 
the plasma wave type from a secondary source). 

Starting with the case of an isotropic plasma (Hp = 0) we shall show 
these variations in the electron concentration in the form ôN = ôN’ + ôN”. 
The term ôN’ = ON, is connected with the quasi-neutral fluctuations of 
the plasma density ôo, ~ m,6N,; the second term allows for the change 
in the electron concentration accompanying fluctuations in the electric 
charge 69 =—edN” (here N, and m, are the concentration and mass of 
the ions in the solar corona, largely protons). By virtue of the inequality 
m; >> m the fluctuations in the density 9, and the fluctuations in the charge 
@ are independent during thermal motion, so the scattering of waves on 
fluctuations of these two types can be treated separately. 

The nature of the variation of ôN’ and ôN” in time determines the fre- 
quency spectrum of the scattered emission. Since changes in the plasma 
density proceed slowly when compared with the period of the oscillations 
in the plasma wave, the scattering of the latter on ôN’ is not accompanied 
by any significant change in frequency (Rayleigh scattering); here Aw ~ 
Or where œ; = (4e2N,/m,)"*. On the other hand, scattering on charge 
fluctuations, the long-wave part of whose spectrum (A/2x >> D, where D 
is the Debye radius; see section 22) is a combination of plasma waves, is 
accompanied by a considerable change in frequency Jw ~ œ; = 
(42e2N/m)'? (combination scattering). 

Let us first examine the Rayleigh scattering of a plasma wave in which 
the electrical field is of the form Eo = Eoo cos (wt — kR). When this wave 
passes through a plasma in which there are fluctuations of the density 
o, and changes in the electron concentration 6N’ connected with the latter, 
the field E causes additional polarization 6P** = (4x) 1ôeEo, where ĝe is 
the change in the dielectric permeability connected with the fluctuations 
ôN’. The polarization 6P** in its turn is a source of scattered plasma and 
electromagnetic waves. The latter are of particular interest to us, since the 
scattering process in this case is one of the forms of transformation of 
waves not escaping directly from a plasma into waves that leave it without 
hindrance. 

It is known (see, e.g., Landau and Lifshitz, 1960, section 67) that the 
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time-averaged total energy flux of the electromagnetic radiation created 
by a dipole moment Y = 6P** dV in a medium with a refractive index 
Ny, is 








dS = (ôE, d n|. (25.38) 


3S | dt? | 24e | dt? 
Here dV is an element of volume much less than (A,,/27)° and (A,,/27)® 
(A, and 2p are the lengths of the electromagnetic and plasma waves); 
the bar over the brackets indicates time-averaging. Accordingly the flux 
of the energy scattered in an arbitrary volume V is of the form 


s= M a f ôcEoo cos (œt) a| . (25.39) 


aier m2 = 





24273 


A simple expression of this kind for S (without phase factors to allow for 
the phase of the field Eo of the plasma wave and the lag of the electro- 
magnetic waves scattered by different elementary volumes) holds in the 
case that the fluctuations ôN’ (and at the same time de) are independent 
at distances of J z 24/27, A,,/22. Since in an isotropic plasma the corre- 
lation radius for 6N’ is comparable with the Debye radius D, it is clear 
that the formula (25.39) is definitely valid with the condition 2,;/2x >> D.t 

Since, as has already been pointed out, the density fluctuations take 
place slowly when compared with the oscillations of the field E, we can 
limit ourselves in (25.39) to differentiation of the factor cos (wt). As a 


result? 
moe ms, a(W)O*E BV? ae 
a= 48223 [feo] de eer = 4872¢3 (de)}, (25.40} 


where (ôe) = V7? f dedy 
y 


are the fluctuations of the dielectric permeability averaged over the volume. 
To find the flux scattered on the fluctuations 6g; we must put into (25.40) 


—<——s de de 2 “To: Oo: xT(e—1) { ðo: 
(de) Oo; “Gai ey or. yV Op |r A Op /r 
(25.41) 


t Here automatically 24/27 => D since Ay = Appin, where fin «< 1. We notice that 
the condition A,,/22 > D is also necessary for weak damping of plasma waves (in the 
region A,,/2x S D they are not propagated in practice, being absorbed at a distance of 
the order of Ap; see section 26). 

{A more correct derivation of the formula (25.40) can be found in Landau and 
Lifshitz (1957, sections 93, 95). There, it is true, it is assumed that scattered electromag- 
netic radiation appears when electromagnetic waves are propagated in a medium. It is 
not hard to confirm, however, that the whole treatment can be completely transferred 
to the case when electromagnetic radiation appears because of scattering of a longitudi- 
nal wave in a plasma. 
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‘When changing to the last expression we allowed for the fact that o,(0e/0e,) 
= e— l; the suffix T indicates that the derivative d0,/Op (where p is the 
total pressure in the plasma caused by the thermal motion of the elec- 
trons and the ions) is taken with a constant temperature (see Landau 
and Lifshitz, 1957, section 96). Bearing in mind the relations given and 
considering at the same time that the plasma is subject to the equation 
for the state of an ideal gas with a number of particles per cubic centi- 
metre 2N : p = 2NxT, i.e. (80,/Op)70; 1 = 1/2NxT, we obtain the final 
expression for the total flux of the electromagnetic energy with Rayleigh 
scattering of a plasma wave in the volume V (Ginzburg and Zheleznyakov, 
1958b):t 
nı, o(w)e4NV E? 
6m?c? ade 


S(@) = (25.42) 

In certain cases it is also convenient here to introduce the parameter 

Q characterizing the efficiency of the change of plasma waves into electro- 
magnetic ones and defined by the expression 

S 

Q S Spal? , (25.43) 

in which L is the linear dimension of the scattering region, S is the total 

flux of the scattered emission, Sı ~ Vi,~/€EG/8x is the energy flux den- 

sity in the plasma wave (22.21). For Rayleigh scattering at a frequency w 


4ne4*NL 


It follows from this that the efficiency of transformation of plasma waves 
into electromagnetic radiation because of scattering in the solar corona 
on fluctuations de accompanying density fluctuations 4g, is of the order of 
5X 1076 for N ~ 108 electrons/cm3, L ~ 4X10° cm, Fin ~ 4X108 cm/sec 
{T ~ 10° °K). 

Therefore in the usual conditions of an isotropic coronal plasma the 
Rayleigh scattering mechanism is in any case not less and is apparently 


T If we assume that the scattering of the plasma waves occurs simply on free electrons 
{Thomson scattering), then for the emission flux we obtain a value of S(w) that is twice 
(25.42). In the case under discussion, however, the electrons cannot be considered free, 
which is allowed for when splitting the fluctuations ôN into two types. Thomson scatter- 
ing in a plasma occurs only for waves shorter than the Debye radius D; since in an 
‘equilibrium plasma plasma waves with A,)/2% S D are not propagated, this form of 
scattering may be of interest only for high-frequency electromagnetic waves. The trans- 
formation of plasma waves into electromagnetic radiation when they are scattered on 
free electrons in the corona has in fact been discussed (not explicitly, it is true) by 
Shklovskii (1946) when dealing with the plasma hypothesis of the origin of the Sun’s 
Sporadic radio emission. 
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more significant than the regular interaction mechanism, whose efficiency 
for plasma waves with a broad angular spectrum is generally less than or of 
the order of 5X 1077 and definitely does not exceed 1075 with the most 
extreme assumptions about the value of grad e. It must also be stressed 
that regular interaction can have a noticeable effect only for the plasma. 
waves which are propagated towards grad e and reach the level € ~ 0. 
This kind of situation is far from always realized in a corona with an 
electron concentration that decreases as one moves away from the surface 
of the Sun. For example, with Cherenkov radiation of plasma waves 
by charged particles moving from a centre of activity into the upper, more 
rarefied layers of the corona the directions of these waves are concentrated 
in a cone whose generatrices subtend an acute angle with the direction of 
the velocity V of the particles (see section 26). In this case regular inter- 
action and transformation of waves obviously play a very small part. 

In a corona for transformation of plasma waves into electromagnetic 
ones combination scattering of these waves on fluctuations of the electric 
charge dg may also be significant. If these fluctuations are caused by the 
thermal motion of particles of a plasma in a state of kinetic equilibrium 
the long-wave part of the spectrum of these fluctuations is a combination 
of plasma waves that satisfy the dispersion equation w?, = œf +Vi,k?, 
(@,, and kp are respectively the frequency and wave number of these 
waves; compare (22.16)). The level of plasma-type fluctuations in the 
region k,,D « 1 (i.e. A,\/2a >> D) is defined by the relation (Pines and 
Bohm, 1952) 


(6Nx,,)? = ; (25.45) 


sR “Tk2,N y 
mo? 
in which 
ONK, = f ôN” (Rje-*a8 dv 
Vv 


(V is the volume of the region in which the changes ôN” occur). 

The problem of scattering of electromagnetic waves on plasma fluctua- 
tions has been discussed by Akhiyezer, Prokhoda and Sitenko (1957); the 
more general question of the scattering of electromagnetic waves in the 
whole spectrum of electron concentration fluctuations ÔN = 6N’+6N” 
has been investigated by Feier (1960 and 1961). We are chiefly interested 
in the inverse problem of the scattering of plasma waves into electromag- 
netic ones; the efficiency of this kind of process has been found by Ginz- 
burg and Zheleznyakov (1958b) (allowing for the results of the paper by 
Akhiyezer, Prokhoda and Sitenko, 1957 and then in Cohen, 1962). In 
Ginzburg and Zheleznyakov (1958b), however, all that was taken into 


t This circumstance was noted by Panovkin (1957). 
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consideration was the scattering of a wave with an amplitude Eoo on 
fluctuations of the electron concentration 6N ka produced by a plasma 
wave kpr ©,). In any fuller treatment attention should also be paid to a 
further effect—scattering of waves of fluctuation origin with kp @, 
on a passing plasma wave which E, also produces changes in the electron 
concentration. The expressions for the transformation coefficient that allow 
for the contribution from both these effects to the scattered electromagnetic 
radiation have been obtained by Terashima and Yajima (1964). Below we 
shall obtain these expressions by a simpler method. We shall dwell in 
detail on the intermediate calculations, having in mind the numerous 
applications of the method of calculating scattered emission used here 
{the so-called Hamilton method)t for finding the energy emitted by the 
individual particles in a plasma (see section 26). 

Therefore, let a plasma wave, the electrical field in which varies as 
E,(R, t) = E„ e’~**(Eo||k), be propagated in an isotropic and on the 
average uniform plasma. It is required to find the intensity of the electro- 
magnetic radiation appearing because of scattering of this wave on 
fluctuations ôN” (R, t) connected with electric charge fluctuations do = 
—edN” and because of scattering of plasma waves of fluctuation origin 
connected with the charge dg on variations in the electron concentration 
under the effect of the plasma wave E(R, t) being propagated. 

The field of the scattered electromagnetic radiation is described by the 
Maxwell equations: 

1 OD 4n aP") é 1 OH 


curl H = z ar t č ar 3 urlE = S RE (25.46) 


div H = 0, div D = — 4x div (ôP*°°). 
In (25.46) the vector D is connected with E by the relation D = cE, 
where é is the plasma’s dielectric permeability operator, which in action 


on the monochromatic field E,, oc e’”’ is reduced to multiplying E„ by e(%), 
defined by the formula (22.17): 


D=few)E,dw, Es = f Ee~ dt. 
Further, P** is the polarization fluctuations occurring during the pas- 
sage of a plasma wave; the derivative 


2 (ops) = pee = — eV ON’(R, t)— ens ôV''(R, t) 


+t This method, which has long been known in quantum electrodynamics (see, e.g., 
Heitler, 1956), has been widely used by Ginzburg (1940) in macroscopic electrody- 
namics. We shall give only the basic stages when treating the Hamilton method. More 
detailed calculations are given by Ginzburg (1940), Kolomenskii (1953), Eidman (1958, 
1959); the corresponding treatment with allowance made for absorption is given by 
Ryzhov (1959). 
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where 6j* is the current density fluctuations. The plasma electron velocity 
Vo acquired because of the action of the plasma wave passing through 
can be found from the equation of motion OV 9/0t = —eEo/m: 





Vo =i ——RE,. 
mo 

At the same time the variation in the electron concentration no because of 
the action of the plasma wave Eo can be found from the continuity equa- 
tion ðno/ðt +div (NVo) = 0: 

N N 

no = —kVo = i<- kEo. 

w mo 

From this it follows that 


3 = Ajse 


aip [800 + OY” T HE w)| eler—ikR (25.47) 
ma) w 


When finding the intensities of the scattered electromagnetic waves it is 
convenient to change from the fields E, H to the vector and scalar potentials 
A, p: 
1 ðA 
H = curl A, E=-—gradp Ta 
In the case of Coulomb calibration of div A = 0 the equations for the 
potentials become: 


2 
AA ~ a ene Fy Brad is -5 opa (25.48) 
Ap = 4x div (6P***). 
We shall find the solution for A in the form of the expansion 
A=Y qi(t)A,(R), (25.49) 
where ° 
AAR) = e, Ea MO hg, (25.50) 


In the last expression e, is a vector characterizing the polarization of the 
normal electromagnetic waves; for an isotropic plasma as e, we can take 
a pair of unit vectors orthogonal to each other and the vector &,. The value 
of the vector k, is connected with the frequency œ, by the dispersion rela- 
tion k? = e(w,)w?/c?; the set of values k, is fixed by the condition that over 
the volume chosen (which we shall consider to be a unit volume in order 
not to introduce it in the explicit form and thus simplify the writing of the 
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formulae) there should be a whole number of wavelengths 4 = 27/k,. 
It follows from (25.50) that 


Are 
elw) 


where integration is carried out over the volume indicated; A; is a quantity 
complex-conjugate with A,; ôw is the Kronecker symbol (ô, = 1 with 
A= X' and 6,, = 0 if A # 2’). Remembering (25.49)(25.51),t we can find 
from (25.48) the oscillator equations for q,(t): 





frar dV = bw, (25.51) 


e(@,) 





oe . Pare 
ar (Eq) + w3elwa)ga = [4 ops dV. (25.52) 


Putting 
1 jar Di 
sfa j dV = 2 bse t (25.53) 


we obtain for the equation (25.52) with a right-hand side of the form 
e(w,)bze'®" one of the solutions (namely the solution for which g, = ¢, =0 
with ¢ = 0): 


aoa a [ten | Pla) (an): 
(25.54) 


The intensity of the scattered electromagnetic radiation of interest to 
us can be expressed in terms of g,(t). In actual fact, the change in the 
energy of the field in a unit volume, as we know, is (for real values of 


E, D, H) 
dW i oD oH 
dr =al (EFt ar) 


Allowing for (25.49)-(25.51) this expression can be reduced to the follow- 
ing: 
ay 1 = gO OF oo gs 
=E ko) ida) [a5 a (642) +494 a Gan | aD, F [gadi + 9293). 
Since q,(t) is of the form (25.54), for dW/dt the valid formula will 
be 
Ps |? sin La wa)t] wa S] =a 
ZEN AM ap A : 
SE —@; | e(@,) dwz 
t And also the relation k Aj grad e dV = 0, whose validity can be confirmed if we 
remember that the solution for the scalar potential g will also be of a form similar to 


(25.49): p = Ypat)e™ aR, 
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which for large t changes into 


dW _ |bz?_,. w, de(w)] ~! 
TAL na(d—,) [2+ te ei 


(5(@ —,) is a delta-function). 

When summing with respect to the oscillators in (25.55) it must be 
borne in mind that for a unit volume the number of field oscillators for 
one polarization e} is dZ = dk,/(2m)®, where dk, = kj dk, dQ (dQ is an 
element of a solid angle along k,). However, k, = 0,4/ €(@,)/e, and there- 
fore 











(25.55) 








1 wie?) w, defwa) 
= SAA doz . 
WZ = |2+ sy “ao | dQ. (25.56) 
From (25.55), (25.56) we obtain that the intensity of the emission at a 
frequency ð from a system of given secondary currents djf** is (for a 
single polarization e,) 

1(@) = 


1 
sie |e & (a4) |b |?5(@ — w1) dwa 





ne y e)la, (25.57) 


and the total emission intensity (for all frequencies 6 and both polariza- 
tions €; = e,, €,,) 
1 
= DeU D ~ [2 
I= E 2 2 6252) | bg |?. (25.58) 


In our case b, can be found by substituting the expression for dj** 
(25.47) in (25.53) 


ee ec [fen iae, (8,0 €) Moo 
elwa) 

In changing to this formula we have allowed for the fact that 

ôN z(t) = J ô "(R, tek dV and bE; (t) = J 6E(R, tyeikpR dV 


a 
W 


l. (25.59) 


@ Opt 


(where k,, = k,—k) vary harmonically in time at a frequency o,, that 
satisfies the dispersion equation for plasma waves. Therefore the Fourier 
component of the electron concentration fluctuations is 


ef pif 4 ging t : 
2 > 
a similar expression obtains for the Fourier component of the fluctuating 


electric field E, (t). There are therefore two combination frequencies in 
the spectrum of the “imposed force” («(@,)/c) f A, oj dV contained 
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in the right-hand side of the oscillator equations (25.52): 
6 = wtopy. (25.60) 
The expression for b; (25.59) can be written slightly differently if we 
take into account the connection between the amplitudes of the variation 
in the electron concentration Mg), ôN i o and the amplitudes of the electric 
field E,,, ÔE kpi: 0 respectively in a passing plasma wave and in fluctuating 
plasma waves. Since, as we indicated above, no = i(eN/mw?) kE, it follows 
from this that 


Noo = inot L kEw = noT LN KE oo 


(Eoo||k). Likewise for plasma fluctuations 








” P eN 
ôN kp, 0 = r moz kôEr,, 0> 
i.e. 
i mo? ky 
OE;,,,0 = N ÔN in, Fai 


Bearing these relations in mind we obtain 
bz = —1 VTE Nino E au uk “| . 25.61) 
moo VECA k wkp kpi 
It follows from (25.58) and (25.61) thatt 
2 y AV) TTP 


(Bac) z- wt Wp, eA=e4y, ede — No 


x Eb fg 








I= 


ke, 4 Ook Onk Kyi es 
k wkp kp 


Here œ, is the plasma frequency, the term 
ION P = 41N; ol? 


and is connected with the plasma parameters by the relation (25.45). The 
orientation in an isotropic plasma can be given arbitrarily to a certain 
extent; all that is necessary is that the three vectors e1 En and & should 
remain orthogonal. Let e, lie in the plane of the vectors k, k& and e, be 
orthogonal to it. Then, since the vector k lies in the same plane, the scalar 
product k,,e,, = 0 in just the same way as ke,, = 0. At the same time 
ke, = ksin 0, where 0 is the angle between k and k, and kya, = 

—k,,sin 6’ and k sin 6 = ky sin 6’, where 6’ is the angle between 


al (25.62) 


t When the expression for bg is substituted in (25.58) we must put w, = ð, ky = ky 
in the former since in (25.58) b= is removed from the integrand containing the delta- 
function (6 — @,). 
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k,, and &. As a result the intensity of the electromagnetic waves scattered 
in the direction k can be written in the form 


os wt y e(@) E: r Wp k? 2 
a (Eae) z- cto, Næ? — IÔN}; |? E00 ( - 22 5 sin? 6 
2 co} B4/ e(B) xTV kX. 
aay eee oat Boo Kh 1—gg) sint@. (25.63) 
wa> OL) 


In changing to the last expression we have taken into consideration the 
formula (25.45) and neglected the difference between œw and œ which is 
less essential than the difference between k? and k?,. 

Therefore the combination frequencies of the scattered electromagnetic 
radiation differ significantly from the frequency of the plasma wave 
passing through w and are 6 = w+ œw. However, in an equilibrium plasma 
O ~ Or, Op ~ Or SO Õ ~ 2w, and & ~ 0. The last frequency is obviously 
not scattered in a plasma since for it the square of the refractive index is. 
n,,o(@) < 0. Therefore a combination scattering spectrum contains only 
the frequency w ~ 20,. 

The wave vector k, of a fluctuating plasma wave on which scattering 
occurs is connected with the vectors of the plasma and scattered electro-. 
magnetic waves k, k by the relation 


kp = k—-k 
i.e. 
kè, = k? +k? —2kk cos 0, (25.64) 


where the quantity K = (@/c)n,, (Ô) is close to +/3a,/c when ®© ~2a,.. 
Remembering (25.64) it is easy to obtain from (25.63) the polar diagram 
of the combination scattering: 


L2 ok 2 
~ Wea 2kk cos OF ineo, (25.65) 
R24 2 —2kk cos 0 


We note that if the phase velocity of the passing plasma wave is Vpn «. 
e/4/3, then k = /V,, ~ @,/V,, > Š and the vector & in (25.64) is. 
insignificant: 

kp = —k. (25.66): 


Under these conditions the combination scattering of a plasma wave- 
occurs on the component 6N’(R, t), 6V’'(R, t) of the fluctuations which 
has the same wavelength and is propagated in the opposite direction. 
The polar diagram of the scattering becomes symmetrical (the intensity: 
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I does not change when 9 is replaced by 0 +7): 
I œ 4k? cos? 6 sin? 9. (25.66a) 


In order to find the emission energy scattered in unit time in all direc- 
tions from a volume V of plasma (25.63) must be integrated over a solid 
angle. It is difficult to do this in the general case since the values of k,, 
and œp depend on the angle 6. However, when V,, <c/4/3 the function 
J(6) is simplified (see (25.66)); then 


S(6) = 2x | 1(6) sin 6 d0 
ò 


w$ @* nı, 2(ő) 


eee ke 

a a ae EN EN t2 R2 . 
12072c? œ? N2 IÔN, l? Ebo Kin 

Putting © ~ 20,, w = @,, M, (20,) = 4/312, k = (2w;,/0) n, s20) = 


ar 


4/3@,/c here and remembering the expression (25.45) for |8N,’,|? 
we obtaint 


(25.67) 





44/3 etNV o» xT 


> a i 5 mo | me’ 








(25.68) 


The ratio of the combination and Rayleigh scattering energies when 
a plasma wave passes through an equilibrium plasma is (see (25.42) and 
{25.68)) 
S'@) _ 24/3 1 xT 
S(o) 5 mA) me’ 








(25.69) 


Considering here that n, .(w) = 4/3(V,,/¢)3(@) and remembering that 
the refractive index of a plasma wave is n3(w) = c/V,,,, where Vpn is the 
phase velocity of this wave, we obtain 


S"'(@ = 20) 24 VonVin 
Sonar DAN r (25.70) 
Therefore the combination scattering is a noticeable fraction of the Ray- 
leigh scattering although the former is generally less than the latter. In the 
conditions of the corona for plasma waves with Vpn ~ 5X10° cm sec™} 
(Vin ~ 4X 108 cm sec~4) the reduced ratio is about 1072. 

We notice that the process of scattering non-linear plasma waves having 
a second harmonic (frequency 2m, phase velocity V,,—the same as with 


+ In order of magnitude this formula can be used until ks k, i.e. for calculating the 
scatter of plasma waves with Von S c/+/3. 
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the first harmonic) is accompanied by the appearance of new frequencies 
in the electromagnetic radiation spectrum. In this case the Rayleigh 
component of the radiation is 


eNyV 


Sn = 202 = 
( 1) Vime 


Ei, (25.71) 

where E,, is the amplitude of the plasma wave’s second harmonic (compare 

with (25.42)). The level of emission at the combination frequency 6, = 3 

is 

84/2 etNV xT 
45 me mc?” 





S Bo ~ 3w) ~ 





(25.72) 


It was assumed above in estimates of the transformation of plasma waves 
into electromagnetic ones because of scattering by fluctuations in the 
electron concentration that these fluctuations occur because of thermal 
motion under the conditions of an equilibrium plasma. If the velocity 
distribution of the plasma particles is not an equilibrium one the 
level of the fluctuations determining the value of (68% and (ÔN g)? 
will differ from that accepted above, which, generally speaking, will 
lead to a change in the efficiency of the scattering process. In a whole 
number of cases, however, this difference is insignificant. For example 
a comparatively rarefied stream of particles moving in an equilibrium 
plasma at a velocity V, > Vn has practically no effect on the intensity 
of the Rayleigh scattering determined by the level of the fluctuations ôN’ 
of the sonic and ion plasma wave type, since their phase velocity is Vpn < 
Fn- The combination scattering will also remain at the previous level 
if the velocity distribution function of the electrons corresponds to an 
equilibrium one for the velocity V = Kii = (w/k kp where V on is the 
phase velocity of the plasma-type fluctuations which ensure effective 
scattering at the frequency 6 ~ w+o,,. This kind of condition will be 
satisfied, let us say, when the phase velocity Vpn = V, of plasma waves 
excited by the stream and then scattered lies in the range Vn << Vpn ~ 
Vi.<« e/4/3. Then, in accordance with what has been said earlier, k,, ~ 
—k, Vin = —V,, ~—V, and the stream of particles with the velocity 
V, and the dispersion AV < V, has no effect on the form of the electron 
velocity distribution function in the vicinity of V ~ Vj, ~—V,. 

In a magnetoactive plasma the picture of the scattering becomes more 
complex (Ginzburg and Zheleznyakov, 1959a). The scattered emission, 
generally speaking, contains all three types of wave: ordinary, extraordi- 
nary and plasma; the absence of any of the waves can be connected only with 
the impossibility of its propagation (nj(@) < 0). Scattering on quasi- 
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neutral fluctuations of the plasma density occurs without any significant 
change in frequency: @ ~ w (Rayleigh scattering). For preliminary esti- 
mates of this kind of scattering into ordinary and extraordinary waves it 
is natural to use the expression (25.42) obtained in an isotropic plasma 
with the appropriate replacement of the refractive index n? .(w) figuring 
there. The accuracy of this estimate is improved when 4/u = a,/w <1. 

As for scattering on fluctuations of the electric charge, we should 
bear in mind here that three types of wave make their contribution to 
these fluctuations (unlike an isotropic medium where dog is connected 
only with fluctuations of the plasma wave type). This is explained by the 
fact that in a magnetoactive plasma in all the normal waves (including 
the ordinary and extraordinary waves) the density o of the electric charge, 
generally speaking, is non-zero; this is connected with the presence in these 
waves of the longitudinal component of the electric field E,||k (e = 
(4x)! div E = —ikE,/4x = 0). The frequencies w, of the emission scat- 
tered in this direction can be found here from the law of the conservation 
of energy and momentum for the photons taking part in each elementary 
act of wave scattering with a frequency w and a wave vector k: 


hid = hotho; hky = ħk+ħkj. (25.73) 


(f is Planck’s constant). The values of j = 1, 2, 3 correspond to the three 
normal waves making up the fluctuations ĉo on which the scattering occurs, 
and the values i = 1, 2, 3 to the three types of scattered waves. Therefore 
the scattering is accompanied by a significant change in frequency (com- 
bination scattering); the connection between the frequencies and the wave 
vectors of the incident, fluctuation and plasma waves is similar to the 
case of an isotropic plasma (see above), although when there is a magnetic 
field present the scattering, as has been pointed out above, will occur 
not only on fluctuations of the plasma wave type but also on fluctuations 
corresponding to waves of the ordinary and extraordinary type.t However, 
at the limit (when Ho > 0 and the plasma becomes and isotropic) combina- 
tion scattering occurs only on longitudinal (plasma) waves. With «/u<«1 
the estimates of the combination scattering intensity may be made by 
using the formulae derived previously for the isotropic case; if, however, 


+ This circumstance, however, was not taken into consideration in (Akhiyezer, 
Prokhoda and Sitenko, 1957), where the combination scattering of ordinary and extra- 
ordinary waves was discussed on the assumption that it occurs (just as in an isotropic 
plasma) only on plasma oscillations with a frequency œp + w, = (4re?N/m)"?. In 
actual fact scattering occurs on all three normal waves; at the same time when there is a 
field H, the frequency of the plasma waves that scatter most effectively is close to the 
frequency determined from the condition nî, (w) = œ (see (23.4)) and in the general 
case is not the same as œz. 
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a/u z1, then the error may become considerable. A more detailed treat- 
ment is necessary here. 

When discussing combination scattering above it was a question of 
the effects connected with the presence of longitudinal waves} of thermal 
(fluctuation) origin. In the presence of plasma waves of a different nature 
(for example, reflected from some inhomogeneity of waves with ky ~ —k) 
additional scattering of the wave passing through will also occur on them. 
If the spatial Fourier component of the electric field in these waves charac- 
terized by the wave vector ky is E, ,, then 


[Ni P k% [Er . (25.74) 


_ Vv 
~ le 
Here it is taken into consideration that in plasma waves kp || Er 
To find the intensity of the combination scattering the latter quantity 
must be substituted instead of (25.45) in the formula (25.67). The scattering 
energy can then be written in the form 


V —— 
= Terza | HotB en |? 


v3 NV —___ 
S(@ ye 201) ry “Sq mach | Erp |2 EX. (25.75) 


It becomes clear from what has been said that transformation of plasma 
waves into electromagnetic radiation occurs if in a primary field excited 
somehow in the plasma there are plasma waves with corresponding values 
of the wave vectors k, k,, which can satisfy a relation of the (25.64) type 
as well as the condition 6 = œ +w, with 7}, (©) > 0. Only in this case, 
obviously, does the process of combination scattering of one plasma wave 
by another occur. We can approach this kind of transformation process 
slightly differently, however, without having recourse to expansion of the 
original field in the plasma into longitudinal waves with subsequent study 
of the propagation of one wave in a medium perturbed by another wave 
(as was done above), but by stating at once in the first (linear) approxima- 
tion the distribution of the electric field E(R, t) in the plasma, for which 
curl E = 0, finding in the second (non-linear) approximation the electro- 
magnetic waves “radiated” by this kind of field distribution in the plasma. 
The condition curl E = 0 means that in the first approximation there is 
no magnetic field in the plasma, i.e. there are no electromagnetic. waves. 
The latter appear only when the equations of motion of the electrons 
allow for the non-linear terms which reflect the perturbation of the medium 
by the primary field necessary for the transformation under discussion. 

This, approach to the problem of the transformation of plasma waves 
into electromagnetic ones (transformation because of non-linearity) has 


t We have in mind an isotropic plasma. 
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been used by Tidman and Weiss (1961) (see also Burkhard, Fahl and 
Larenz, 1961). They proceeded from the equations (22.1), (22.2), assuming 
in the latter Vp = 0 (i.e. instead of the plasma waves appearing when the 
electron pressure is taken into consideration, simply plasma oscillations 
with a zero group velocity were discussed). Taking all the amplitudes of all 
the processes to be sufficiently small Tidman and Weiss (1961) find the solu- 
tion of a non-linear system of equations in the form of expansions in 
powers of a certain small parameter u:t 


N= y Nip, E= > Ei, 
2 r (25.76) 
H = Ý Hw, V= > Vil. 
i=1 i=1 


Substituting (25.76) in the original equations and equating the terms with 
the same powers of u we obtain for / = 1 
OE, 


oa Teln = 0. (25.77) 


c? curl curl E1 + 
We shall assume that in the first approximation the electric field in the 
plasma has the nature of a potential: 


E, = grad ge7eu! (25.78) 


(i.e. curl E, = 0 and there are no electromagnetic waves). Then in the next 
approximation we obtain an inhomogeneous equation for curl E, which 
describes the electromagnetic waves “radiated” by the plasma oscillations 
(25.78): 
z 
(Sr tot- ea) curl Ea = (F(R)e7 or (25.79) 
where 


FR) = -2 curl (Ap grad g). (25.80) 


Since the right-hand side of the equation is proportional to e7%”®:" the 
transformed electromagnetic waves will have a “combination” frequency 
& = 2w. 

It must be pointed out, however, that transformation does not occur 
with just any configuration of the field E. For example, (F(R) = 0 if the 
potential g(R) is spherically symmetrical (p(R) = p(R)) or characterizes 
a plane wave (¢(R) = e’**). This is not unexpected, since in this case there 
is no second wave on which “scattering” could occur. 


t In a medium where H, = 0 and N, = const. 
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As an example characterizing the efficiency of the change of plasma 
oscillations into electromagnetic radiation because of non-linearity we give 
the result of the solution of the equation (25.79) for 


p = poe-"(1+aR), (25.81) 


where the constant vector a is assumed to be so small that terms of the 
order of a? can be neglected. Then the part of the energy of the plasma 
oscillations (25.81) emitted in unit time in the form of electromagnetic 


waves is 
2 /fepo\?/ c \3/ac\? 
s= 73 (me) (aux) (a) 7 gg 





where 
J=1— 








1 2+) 
=—In =—)}. 
ikL (i 


The value of J depends on the ratio of the length of the electromagnetic 
wave A = 2n/k to the size of the region L occupied by the plasma oscilla- 
tions. If 4/27 >> L (kL « 1), then J ~ 3(w,L/c)? and therefore 


Sx ae (75) *#) (E ou. (25.83) 


c wL, 
In the case of the opposite inequality, when 4/2 < L (KL > 1) the value is 





J ~1 and 
2 fepo\?/ c \®/ac\? 
s~ ame) (ot) (a) e% 588 
The maximum transformation efficiency is realized when A/2x ~ L: 
x (LN) (EY 
Sat ( a) (a) or. (25.85) 


In summarizing the results of this section we can conclude that in the 
main the problem of the transformation of waves of one type into another, 
which is closely connected with the problem of the escape of emission 
beyond the corona, is quite clear at present. A fairly large number of 
questions connected with the interaction and transformation of waves has 
also been solved in the quantitative respect, although there are still several 
problems (interaction in a moving medium, in a magnetoactive plasma 
when waves are propagated at an angle to Ho, transformation in the 
presence of streams of charged particles) which still await their solution. 
The major obstacle in the way is the considerable difficulty of calcula- 
tion. 
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CHAPTER VII 


Generation and Absorption 
of Electromagnetic Waves 
in the Solar Corona 


IN THE preceding chapter we have discussed the propagation of electro- 
magnetic waves, completely ignoring the questions connected with the 
change in their intensity because of processes of emission and absorption. 
These processes, as will become clear from what follows, depend essen- 
tially on the velocity distribution of the plasma particles. The nature of the 
absorption and emission in the conditions of an equilibrium plasma will be 
studied in section 26; we shall put off discussing the non-equilibrium case 
until section 27. 


26. Emission and Absorption of Electromagnetic Waves 
in an Equilibrium Plasma 


EMISSION TRANSFER EQUATION 

In a uniform medium the variation in intensity of the emission on the 
jth normal wave J; in the direction of propagation V,, = dw/dk, is defined 
by the so-called transfer equation (see, e.g., Chandrasekar, 1950, section 
6): 


dI 
qdr = Ua bln (26.1) 


in which dl is an element of length along F, 4; is the absorption coeff- 
cient, a, is the emissive power of the plasma. The quantity u, characterizes 
here the relative decrease in intensity dJ,/J, in a unit length of the ray 
because of dissipation of electromagnetic energy, the quantity a, is the 
energy emitted from a unit volume of plasma in unit time, frequency range 
and solid angle. We notice that in (26.1) it does not matter to which unit 
solid angle—in the direction of the wave vector k, or of the group velocity 


408 


§ 26] Emission and Absorption 


V,,t—a, and J, relate. We shall agree to relate them to a solid angle along 
k,, since in this case the actual expressions for a, and J, in terms of the plas- 
ma’s parameters are simpler in form. 

When changing to the case of a non-uniform plasma in the transfer 
equation we must allow for the fact that the emission intensity J, does not 
remain constant even with a, = 0 and p, = 0. This is connected with the 
change in the solid angle dQ in which the emission is being propagated 
because of refraction (with constant energy flux J.dQ = const). The refrac- 
tion law of J, in a non-uniform medium is easy to obtain by allowing for 
the change in dQ by means of the Descartes—Snellius law of refraction 
(22.28). It then turns out (see, e.g., Leontovich, 1951, section 25) that 
when they pass through the interface of two media with different refrac- 
tive indices the divergence (or convergence) of rays is such that 


5 = const. (26.2) 
nj 

This invariant holds also in the case of a smoothly non-uniform medium, 
as can easily be checked by breaking the latter down into thin uniform 
layers (transition between which proceeds in accordance with (26.2)) and 
then making the number of layers approach infinity. In a magnetoactive 
plasma, where the angle # between the wave vector k, and the group 
velocity dw/dk, generally speaking is non-zero, the relation (26.2) must be 
replaced by the following: 


I,|cos | 
j 


= const. (26.3) 


Bearing in mind this circumstance we can write the equation for the 
transfer of emission in a non-uniform medium in the following form: 





n? d (1,|cos 4| 
enor a : n? ) = u= uals (26.4) 


where n,, a, p; are functions of the coordinates. In the case of a non- 
uniform isotropic medium cos # = 1 and (26.4) changes into the well- 
known equation which is given by, for example, Woolley (1947) and Smerd 
(1950a). 

It should be stressed that the equation (26.4) holds only within the 
framework of the approximation of geometrical optics, where the ray 
treatment of the process of emission propagation is possible (see section 


t These directions are the same in an isotropic medium; however, in the presence of 
a magnetic field H, in the plasma they are different, generally speaking. 
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22). In particular, for (26.4) to be valid it is necessary that there should be 
no reflection or noticeable interaction of different types of waves in a 
smoothly non-uniform medium. The process should also be stationary 
since there are no time derivatives in the transfer equation. The transfer 
equation in the form (26.4) is applicable both to equilibrium and to non- 
equilibrium conditions (including the case when the plasma becomes un- 
stable and the absorption coefficient u, becomes negativet). 

Under conditions of complete thermodynamic equilibrium of a medium 
with emission the intensity of the emission in a magnetoactive plasma at 
the jth normal wave is (with iw « xT) 


o nw xT 
les 823c2 |cos ê| ” 26:9) 


where f# and x are the Planck and Boltzmann constants, T is the tempera- 
ture, ® is the angle between k, and dw/dk,.t This expression can be easily 
obtained from the Rayleigh-Jeans equation for the energy density in the 
jth normal wave 

0 dw dQ = niw*nT 


O(n) 
(22c)? 


SE | dw dQ, (26.6) 








if we remember that in a transparent (weakly absorbing) medium the 
emission intensity J, is connected with the energy density 9, by the relation 


dw c 
1 = 0; T 2 co 0 fA (26.7) 
Ow 








The meaning of this relation becomes quite clear if we bear in mind that 
dw /dk, = V x characterizes the transfer rate of the emission energy. 

With thermodynamic equilibrium Z, = I, T = const and therefore 
the left-hand side of the equation (26.4) becomes zero; as a result the 
transfer equation is reduced to Kirchhoff’s law 


a,= yP, (26.8) 
where I is given by the expression (26.5). This law defines the connection 


t It is necessary, however, for the coefficient 4, to retain its meaning of the relative 
change in intensity in unit length; according to section 27 this holds for convective 
instability of the plasma. 

t In (26.3)-(26.5) cos @ is governed by the sign of the modulus. In an isotropic 
plasma this circumstance is insignificant since there we always have 6 = 0. In a mag- 
netoactive plasma (without allowing for thermal motion, and in certain cases even with 
the latter present) cos ® is positive (Gershman and Ginzburg, 1962) and the sign of the 
modulus can also be omitted, as we shall be doing in what follows. 
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of the absorption coefficient with the emissive power of the equilibrium 
medium. 

Kirchhoff’s law provides a convenient way of finding the absorption 
coefficient in an equilibrium plasma if we know its emissive power a,. The 
latter in its turn can be obtained by summation of the emission from the 
individual plasma particles making allowance for their velocity distribu- 
tion. Data on the emission of the individual particles in a plasma are given 
in the next sub-section; the use of Kirchhoff’s law to find the absorption 
coefficient yu, in certain cases of most interest from the point of view of solar 
and planetary radio astronomy is given at the end of the present section. 

Before proceeding to discuss these processes, however, let us examine 
the solutions of the transfer equation for non-equilibrium emission being 
propagated in a medium where there is kinetic velocity equilibrium of the 
particles. Then, generally speaking, J, # i”, but u; and a, are connected 
by the Kirchhoff equation,t so the transfer equation (26.4) becomes as 
follows: 

2 
sata at (op) = PD. (26.9a) 


or 





d 13) = o'xT eet (26.9b) 


dz. 2 32 
dtj;\ n 82%’ n? 


In the last relation we have taken into consideration the expression (26.5) 
and introduced a new independent variable—the optical thickness of the 
medium on the section of the ray from Ip to /: 


i 
q= f adl. (26.10) 
lo 
The equation (26.9) has the solution 


l cos® p-r Je 


I; cos ® 
£ -7 JS 
n? 3 zal dE+e a 3 } $ (26.11) 
0 


j 


which defines the emission intensity at a point / for a given intensity at the 
point Jo and optical thickness z; of the plasma in the range /, lo. In the case 
when n, = const and cos ð = const the emission intensity in the medium 


t This can be explained by the weak action of the emission on the matter, the degree 
of connection between them being characterized by the small parameter e?/xe ~ 1/137. 
Due to this the absorption 4, and the emissive power a, depend only on the velocity 
distribution of the plasma particles, but not on the emission intensity which may even 
be non-equilibrium. It is only necessary for J, not to be too high, since with large J, we 
must allow for non-linearity, which leads to 4; depending on Jj. 
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pj 
Ij = e% f OE dE+ eI (26.12) 
0 


If at the same time the plasma is thermally uniform (T = const), then 
I® = const; here 


I = IP ~e) eia (26.13) 


where I9 is the intensity of the jth component of the equilibrium emission 
in the medium. 

In applications we are often interested in the intensity of emission com- 
ing from a thermally uniform layer into a vacuum: 


I = I(1—e") +e-4 AS) (26.14) 
F I t=1 
Here / = w*xT/8n%c? is the intensity of the jth component of equilibrium 
emission in a vacuum; the formula (26.14), unlike (26.13), is also valid if 
n; and cos 9 vary from point to point in this layer. 

The notation of the formulae given can be considerably simplified by 
using the concept of the effective temperature T,,_ defined in the medium 
by the relation (compare (26.5)) 

I os 


~ Bac? cos 8 ` (26.15) 


The latter is a generalization of the effective temperature introduced in 
section 4 for the intensity in a vacuum: 


w xTer 


a (26.16) 


I p= 
Then in accordance with (26.11) the effective temperature of the emission 
leaving a layer of a non-uniform plasma (no matter whether into a vacuum 
or into a medium with an index n,) is 


Tall) = e7 f rede + e-"Teal), (26.17a) 
0 


if the optical thickness of the layer is t, and emission with an effective 
temperature T ø(lo) is incident on this layer. The first term here (and in 
(26.11)) relates to the eigen emission of the plasma layer; the second 
term describes the emission that has passed through the layer and been 
partly absorbed by it. The expression (26.17a) can be put in a slightly dif- 
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ferent form if instead of & (the current value of the optical thickness read 
from the point Jy) we introduce the new variable E = as -E (the optical 
thickness read from the point J): 


Tal) = [Tet dt eTel): (26.17b) 
0 


For a thermally uniform layer 
Talh) = T — e7") + eTel). (26.18) 


We notice that the region of applicability of the formulae (26.12), (26.13) 
is smaller than for the formulae (26.17), (26.18) that are similar in form: 
the former are valid only in a medium with n = const and cos # = const, 
whilst the latter together with (26.11) are free of this limitation. 

According to (26.18) for an optically thick (t, >> 1), thermally uniform 
plasma T. is in practice the same as the kinetic temperature of this 
layer 

Ta ~ Tj; (26.19) 


for an optically thin layer (r; « 1) 
Ta ~ Trj+Tello).: (26.20) 


Therefore the eigen emission in the latter case has Tẹ <« T. Finally 
looking on Tg in (26.17b) at the point 7 as a function of lọ we can see 
that when the distribution of the temperature T is not too non-uniform it is 
created largely because of the eigen emission of the layer of the plasma lo 
in which the optical thickness is 


1 
= | ædi~ 1. 
h 
Here T,, ~ T, where T is the kinetic temperature of the layer in question. 


ELECTROMAGNETIC WAVE EMISSION BY INDIVIDUAL PARTICLES 


In a plasma the emission of individual particles, generally speaking 
is made up of the following elementary processes: 


1. bremsstrahlung in close collisions of charged particles; 
2. magneto-bremsstrahlung during the accelerated motion of particles 
in a magnetic field ;t 


+ Magneto-bremsstrahlung caused by relativistic electrons is usually called syn 
chrotron radiation; the radiation of non-relativistic electrons in a magnetic field is 
sometimes called gyro-frequency radiation (since it occurs at the gyro-frequency and its 
lower harmonics) or cyclotron radiation. 
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3. Cherenkov emission during motion of charged particles at a velocity 
greater than the phase velocity of the waves in the medium; 

4, transition radiation during motion in a non-uniform medium and, 
finally ; 

5. emission during atomic and molecular processes (i.e. during transitions 
of free electrons to discrete energy levels, during transitions between 
discrete levels, etc.). 


Without stopping to carry out the cumbersome derivation of the expres- 
sions for the emission intensity, all we shall give here is certain formulae 
which may be needed in theory of the radio emission of the Sun and the 
planets. For a more detailed knowledge the reader may turn to the appro- 
priate sources; references to them are made below. 

When a non-relativistic electron moves in an isotropic plasma with a 
refractive index nı, 2 =+/e(w) (22.17) the energy of its electromagnetic 
bremsstrahlung in unit time in the range of frequencies dw is defined by the 
following expressions (Landau and Lifshitz, 1960, section 70):t 


6 
dEe 1, aa 16e ZZN 2mV* xo ( ze) (26.21) 














“dt °3Vem yoZe* 
ee Líne ZN. mys 
edo = Vespa gd (e > za) l (26.22) 


Here V is the velocity of an electron, e and m are its charge and mass, 
y = e© = 1-781 (C is Euler’s constant). The relations (26.21), (26.22) 
characterize the emission in electron collisions with positive ions (charge 
Ze, concentration N,); they allow for the fact that the mass of an ion 
is m, >> Zm. If there are negative ions with a mass m_ >> Zm in the 
plasma, then the formula (26.21) remains valid in this case also (with 
N, replaced by N_) for bremsstrahlung in collisions with the latter; the 
formula (26.22) must be supplemented by introducing the factor exp 
(—2nwZe?/mV*) into it. In collisions of particles with identical charges and 
masses (for example, in electron-electron collisions) there is no brems- 
strahlung in the dipole approximation. 

The frequency spectrum of the bremsstrahlung is rather large: from 
wœ = w, (for which nj, = 0) up to © ~ &,,,f, where &,;, is the kinetic 
energy of the radiating particle. 

In the radio-frequency band (w < 210” sec™*) the formula (26.21) 
is valid for velocities of V >> 10° cm/sec. This condition is satisfied well 
under cosmic conditions; suffice it to say that the value V,, ~ 10° cm/sec 


t As well as the bremsstrahlung of electromagnetic (transverse) waves in collisions 
of charged particles, of course, plasma (longitudinal) waves also appear. 
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corresponds to a temperature of T ~ 10°K. In accordance with (26.21) 
under the conditions of the solar corona, when £ ~ 1, œ ~ 272X 108 sec” }, 
N, ~ 5X10? protons/em’, V ~ Va ~ 4X 108 cm/sec, the energy of an 
electron’s bremsstrahlung is 2, ~ 4 10~*4. As the velocity increases it 
drops approximately as V-41. 

The Vavilov—Cherenkov effect for a particle moving uniformly and recti- 
linearly in the medium occurs at a frequency (see, e.g. Bolotovskii, 1957) 


wo = kV (26.23a) 
or, what is the same thing, provided that 
Bn,(w) cos 8 = 1, (26.23b) 


where V is the velocity of a charged particle, 8 = V/c, k, is the wave vector 
of the jth normal wave emitted with a refractive index n, = ck,/w, 8 is 
the angle between k, and V. According to (26.23b) Cherenkov emission 
appears only if Bn, > 1. It is clear from this that in an isotropic plasma 
there is no emission of electromagnetic (transverse) waves of this kind, 
since for them nj, = € = 1—wy/w? (22.17) and the condition fn, > 1 
cannot be satisfied with any 8 < 1. On the other hand, for plasma (longi- 
tudinal) waves at frequencies not too close to w, the square of the refrac- 
tive index nj = e/B2, becomes greater than unity (see (22.19)), which in prin- 
ciple enables the Vavilov-Cherenkov effect to occur at these wavelengths. 

It is clear from the condition Bn; > 1 that when an electron is moving 
in the plasma it generates only waves whose phase velocity is Vpn = w/k 
= V. On the other hand, as will be shown below, plasma waves with a 
wavelength of 1/2 < D (D is the Debye radius) are not in practice prop- 
agated, being strongly attenuated by distances of the order of A. Since 
for waves of this kind the ratio w/k does not exceed V,,, it is clear that a 
particle with a velocity V generates plasma waves with a phase velocity 
in the range Va < Vpn = V; if, however, the electron’s velocity is V < Vp 
then it hardly emits any plasma waves at all. 

The direction @ in which a wave of frequency w is generated is defined 
by the relation (26.23). For the range of phase velocities given above the 
values of cos 8 for plasma waves are between 1 and V,,/V. 

The energy of the Cherenkov emission of an electron in unit time in 
the range dw is (Andronov, 1961; Cohen, 1961b) 


dodo ew dw 
dt — Vew) 


In order to find the total energy lost by a particle in unit time in the emis- 
sion of plasma waves we must integrate d „/dt over all the frequencies being 
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emitted 








@e 
dé _f[ wodo ew? 2 p2 
(T). = f aay >= 37 ™ (5 7a) : (26.25) 
$ 
The lower limit in (26.25) is found from the equality 8n3(@1) = 1, and the 
upper one from the condition kD = kV,,/w, ~ 1, which is the criterion 
foristrong plasma wave damping. Therefore we can put w2 = wf +3V,,k2 ~ 
4}, which is allowed for in (26.25) when changing to the last expression.t 

In the solar corona the efficiency of plasma wave emission is characterized 
by the quantity dé,/dt ~ 5X107! (with œ ~ 27X10° sec™1, V ~ Vy, 
= Valy € ~ 5X 10° cm/sec and Vy, ~ 4X 108 cm/sec™}; for these values 
of Vpn and V,, the value of e is about 6X10~5). This value of d&,/dt 
exceeds the corresponding value for the bremsstrahlung of electromagnetic 
waves under the same conditions by ten orders or so of magnitude. How- 
ever, unlike the bremsstrahlung of electromagnetic waves, Cherenkov 
plasma waves cannot directly escape beyond the non-uniform plasma and 
are significantly attenuated (by a factor of approximately 105) during their 
transformation into electromagnetic radiation (see section 25). 

Still one more form emission, that disappears when grad € approaches 
zero, appears in a non-uniform plasma. The existence of this kind of 
emission has been indicated by Ginzburg and Frank (1946); it is generally 
called “transition” radiatidn. Unfortunately we know of no papers in 
which there would be expressions for the energy emitted here in the case 
when the charged particle moves in a smoothly non-uniform medium 
with a monotonic function e(z). This case is obviously of most interest 
from the point of view of cosmi¢ applications. Moreover, in the solar 
corona there may also be a certain interest in transition radiation of an 
electron in a medium with a ‘periodically changing dielectric permeability 
e(z) created, for example by a plasma wave excited in a corpuscular stream. 
The effect of transition emission under cosmic conditions has not yet 
been examined; it may be thought; however, that all other things being 
equal the part it plays in the géneration of solar radio emission is small 
when compared with the part played by bremsstrahlung, Cherenkov radia- 
tion and magneto-bremsstrahlung (for the latter see below). 
` The emission of ‘a uniformly moving electron in a medium with random 
inhomogeneities has been discussed by Kapitza (1960) and Ter-Mikayelyan 
(1961) without taking spatial dispersion into consideration and by Tamoi- 

t Oster (1959) gives a slightly different formula for the energy losses of an electron 
in plasma wave emission, differing from (26.25) by the logarithmic factor In(1 +2V*/3Vé,) 


instead of In(2 V?/3V3). Since the frequency œz, on whose value this factor depends, is 
determined only approximately, both formulae have the same accuracy. 
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kin (1963) with the latter taken into consideration. In this case the electro- 
magnetic waves appear because of two effects: the scattering of Cherenkov 
plasma waves emitted by an electron on fluctuations de and the transition 
radiation connected with the variation of the Coulomb field of a 
particle as it moves in a medium whose properties vary from point to 
point: ĝe = de(R). The second effect is significant at frequencies where 
there are no Cherenkov plasma waves; for these frequencies +/ e(w) < 
V/V (see (22.19a) and (26.23) ). However in the region 4/e(@) > 
V,,/V the first effect will definitely prevail over the second if we have 
satisfaction of the inequality (Tamoikin, 1963) 





(A) eV? 


(L is the size of the region effectively scattering the plasma waves). Bear- 
ing in mind that in the case of the Vavilov-Cherenkov effect Vpn = V cos 0, 
where for the plasma waves V a = V,,/+/e, the preceding inequality can be 
put in the form (wL/V) tan 6 > 1. Assuming that tan 6 ~ 1 and putting 
for the sake of definition œ ~ 27%X10® sec™1, V ~ 5X10° cm/sec, we 
obtain that transition emission on random inhomogeneities in the corona 
will be insignificant with L > 10 cm. This is undoubtedly satisfied for 
weakly damped waves with Vpn > Vip. 

In the presence of a constant magnetic field Hy the form of the expression 
for the emission intensity of a charged particle becomes far more complex. 
This is due to the change in the nature of the waves propagation and the 
trajectory of the particle motion under the action of the field Ho. The 
effect of anisotropy can usually be neglected in the case of a weak enough 
magnetic field when 4/ u = @,/ < 1. Distortion of the trajectory of the 
electron’s motion need not be taken account when discussing bremsstrah- 
lung, if the maximum aiming parameter in collisions, whose part in the 
plasma is played by the Debye radius, is much less than r,, where 


y 
ipp = e 
8 on 1— BP 


is the gyro-radius of an electron in a magnetic field. Therefore the ine- 
quality D « r,, is reduced to the following: 


OH € LETE — pm. (26.27) 
Va 


In the case of Cherenkov emission the formulae given above for the 
intensity in an isotropic medium are obviously retained ‘if the condition 


417 


Generation of Electromagnetic Waves [Ch. VII 


®, << @ is satisfied and at the same time the trajectory of the electron 
motion on a section with a length of the order of à = 2xc/n,w can be con- 
sidered rectilinear, i.e. (Ginzburg and Zheleznyakov, 1961) 


4 = wa ae >l. (26.28) 


When an electron moves in a magnetic field Hy there is one more mecha- 
nism of emission—magneto-bremsstrahlung. If the trajectory of the particle 
is a helix with a radius zry, then it emits at frequencies w defined by the 


relation 
w(l—ßbınj cos a) = sw*, (26.29) 


where œ* = w,,,/1—?is the frequency of rotation of an electron in the 
magnetic field, 8 = V/c, B, = V,/c (V, is the projection of the velocity V 
onto the direction Ho) æ is the angle between the wave vector k, and Ho, 
n, is the refractive index of the jth normal wave; the index s takes up the 
values 0, +1, +2, ... The relation (26.29) follows from the classical 
treatment of the problem of the emission of an electron in a magnetic 
field (Eidman, 1959); at the same time it is not difficult to obtain it from the 
laws of the conservation of energy and momentum when photons are 
emitted by a charged particle in a field Ho (see section 27). 

Somewhat conventionally we can consider that the value s = 0 corre- 
sponds to Cherenkov emission of an electron in a magnetic field, although 
here the condition of the Vavilov-Cherenkov effect 


Bn; cosa = 1 (26.30) 


differs from the corresponding condition (26.23) for the case of recti- 
linear motion of the electron. Further, emission connected with non-zero 
values of s is connected with the rotation of an electron in a magnetic 
field and is magneto-bremsstrahlung at frequencies w defined by the Dopp- 


ler equation 
4/1—f2 
= aV l-P , (26.31) 
1 —B yn; cos a 


With s > 0 the so-called normal Doppler effect obtains, which is possible 


in the case 
Bynj cosa < 1. (26.32a) 


The values s < 0, where 
Banj cosa > 1, (26.32b) 


correspond to the anomalous Doppler effect which appears only when a 
particle moves “faster than light” in a medium with n, > 1 (Ginzburg 
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and Frank, 1947). We shall deal with the physical meaning of the difference 
between these forms of the Doppler effect later in section 27. 

It follows from the relations (26.30)-(26.32) that magneto-brems- 
strahlung is generated both in the region B,n{w) < 1 and in the region 
B,n(@) > 1, whilst the Vavilov-Cherenkov effect appears only when 
Byn(@) > 1.t It must be pointed out that in the presence of a magnetic: 
field the Cherenkov emission corresponds not only to plasma waves, as was. 
the case in an isotropic plasma, but also to ordinary and extraordinary 
waves the refractive index for which may be greater than unity. 

The intensity of the emission of an electron in a magnetic field at the 
frequencies whose spectrum is given by the formula (26.29) can be found 
by the Hamiltonian method used in section 25 when discussing the combi-. 
nation scattering of plasma waves. In our case, however, as j** and o°* 
in the equations for the electromagnetic field of the (25.46) type we must 
put —eVd(R—R,) and —eô(R— R.) where V is the velocity of the emitting. 
electron, R, its radius vector and 6 a delta-function. As a result for the 
Cherenkov emission intensity (s = 0) at the jth normal wave we obtain. 
(Eidman, 1958 and 1959): 


dlia do _ yf (V1 JoE) +B Vi JE)? o do (26.33) 
dt Se 2P\ Cc On; R22. 1 
ji- (22) nev nj—1 | 


where B,.n(w) > 1, Vy =o" ry, E= (Org VV Ei, Jo() and JAE 
are zero-order Bessel functions and its derivative with respect to the argu-. 
ment &. The frequency w is given by the condition (26.30). If the electron 
moves uniformly along Ho, then V, = O and the expression (26.33) 


become simpler: 
diodo _ ey} fa ds . (26.34) 


dt 2e p- (2) ava =i] 


The general formula for the energy magneto-bremsstrahlung of an 
electron in unit time and in a unit solid angle dQ at the harmonics s = 0 








t The conventional nature of the division of the emission into magneto-brems- 
strahlung and Cherenkov emission is particularly clear when the magnetic field strength 
decreases, i.e. with 4/u — 0, In fact, when an electron moves in a circle (when 8, = O) 
only frequencies with |s| =1 are emitted; we call this kind of emission magneto-brems- 
strahlung. At the same time in a weak field, when (26.28) is satisfied and the trajectory: 
of the particle over a distance of the order of 2 is close to rectilinear, emission at an: 
angle @ = arc cos (1/87) in a medium with n; > 1 will coincide in practice with the- 
Cherenkov emission. The energy emitted will also be close to the Cherenkov emission. 
energy in an isotropic medium (Tsytovich, 1951). 
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can be written as follows (Eidman, 1958, 1959): 
dEjg dQ _ njerw*yH{Bs Js) + lesh E- + BB] IEY dQ 
dt dn, 
2nc|1—B), cos « (x to) 





(26.35) 
dw 
Here J (C) and J,(2) are an s-order Bessel function and its derivative with 
respect to the argument € =k,r, sina = sn,B, sina/(1—B,,n,cosa); B, = 
Vile, k= on,/c is the wave number. The emission frequency is defined 
by the Doppler equation (26.31). 
The parameters y,, «;, and £, are defined by the relations: 
7(1 — 1 
= ALS») = , (26.36) 
(1—u—v)(1+07)+(1—0)(1 — 1) B?—-20+/ ua, 1+K? 
a, = K,cosat+l;sina, B, =I,cosa—K;sing, (26.37) 
$ 2/u (1—0) cosa 
u sin? a + yu? sinta + 4u(1 — v} costa. 











K; (26.38) 
vyu sin «+ Kuv sin æ cos a 
l —u—v+uv cos? a 
where v = œ} /w? = (4neN)/mo?, u = wyw? = (eH) mea? and ni (w) 
is given by the formula (23.2). The top sign in K; relates to an extraordi- 
nary wave (j = 1) and the bottom one to an ordinary wave (j = 2). The 
values of K, and I, characterize the polarization of the normal waves 
being emitted: iJ’, is the ratio of the longitudinal (along k,) component of 
the electric field E to the component of this field orthogonal to Hy and 
&,; the quantity iK, in its turn is equal to the ratio of the transverse (orthog- 
onal to k,) component of the field E lying in the plane &,, Hy to the com- 

ponent of the field at right angles to this plane.t 

We would stress that the formulae (26.33)-(26.39) relate to the case of 
a Magnetoactive plasma with no allowance for thermal motion in it. 
They therefore characterize only the emission of extraordinary and ordi- 
nary waves; these formulae are unsuitable for waves of the plasma type. 

Equation (26.35) is rather complicated, Whe shall therefore consider a 
few simpler cases which are important for practical cases. 

Here first of all we shall turn to the case when the effect of the plasma’s 
anisotropy on the emission can be neglected, considering that an electron 
moving along a helix emits in an isotropic medium with a refractive index 


T,= À (26.39) 





n, {@) = y 1—v. In the presence of a field Hy the plasma can be con- 


+ When comparing these expressions for K, and T} with the polarization coefficients 
(23.10), (23.11) it should be remembered that here the formulae are given for the case 
when in the normal waves the time dependence is taken in in the form e~* and not 
e™ as in section 23. 
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sidered approximately isotropic if 4/u = o,/w<1 and vis not too close 
to unity: 1—v ~ 1 (see section 23). In accordance with (26.31) the condi- 
tion imposed on the quantity +/u will be observed at high enough harmonics 


pert et tS (26.40) 


Vif 

In this case the magneto-bremsstrahlung intensity of an electron can be 
obtained from (26.35) by the extreme transition 4/u + 0. Then, as is easily 
seen, nf. = 1—v, 77 = 4, a, = cos «, B, = Fsin g and the total inten- 
sity of both normal waves is 











d£aq _ dijo _ 
“at », dt 
m, adap [JOP + (n, sin «) (cosa -n BIOP 6 41) 
2ne\1— ($) cosa 
ny,2 
In a vacuum 7, . = 1 and 
En _ PoR — BY) HPI [JOP + sin a(cosa—By OP} (96 42) 


dt 2xc |1—By cos al? 


When anelectron moves in a circle (£ = 0) this expression changes into the 
well-known Schott formula (see, e.g., Landau and Lifshitz, 1960, section 74). 

An analysis of (26.42) shows that the synchrotron emission of an 
electron with an energy & >> mc? is concentrated in a narrow conical layer 
Ax ~ mc?/E wide containing the cone described by the electron’s velocity 
vector V when moving along the helix in the magnetic field. If the angle 6 
between V and Hp is greater than mc?/& the emission will be linearly polar- 
ized, with the electrical vector E at right angles to V and Ho. For example, 
when moving in a circle the plane of polarization will coincide with the 
plane in which the electron is moving. 

As well as the relations -given above for the intensity of emission in 
a given direction a at the sth harmonic there is considerable interest for 
practical applications in the expression for the energy (dé, dt) dw emitted 
by a relativistic electron in unit time in a frequency ranged over all angles. 
Let us first examine the case of an electron moving in a circle (£ = 0; 
8B, = 2). In accordance with the Doppler equation here the frequency of 
the emission at the sth harmonic œw = (seo mc) /E and does not depend on 
the angle æ. The emission spectrum is a system of discrete “lines” located 
at a short distance from each other: Aw = (wymc*)/&. Since the major 
contribution to the synchrotron emission is provided by harmonics with 
large s numbers, the frequency spectrum is quasi-continuous in nature 
(dœ « w); this allows us to change from a discrete spectrum to a contin- 
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uous one, dealing with frequency ranges dw containing many lines (do => 
Aw). In order to obtain the energy (dé, dt)/dw we must integrate (26.42) 
over the solid angles and then sum the result over all the harmonics in 
the range dw. We then arrive at the following formula, which defines the 
“smoothed” frequency spectrum of an electron’s synchrotron emission 
(Viadimirskii, 1948): 

dw d 8 e me? ( o e 


2@H mc? 





a Oae eS 
where Cis the electron energy, w, = eHo/mc is the gyro-frequency, x = 
(020m), Omn = ©(E/me%)?. The function ¥(x) is tabulated in Vladi- 
mirskii (1948). With x«< 1, Y(x) ~ +; with x = 1, ¥(x) ~ 5:5X1072; 
with x >> 1, Y(x) ~ [2/16]: e~ 9)" The formula (26.43) can be 
written in a more convenient form by introducing the function 


1/3 
) ¥(x) do, (26.43) 





P G) = Vx Yx). (26.44) 
Then 
ie (w, £) = EË onp G) (26.45) 


and therefore the function P(w/w,,) completely defines the form of the 
frequency spectrum of the synchrotron emission. With w/@m < 1 


1⁄3 
P (E) z TE) ; (26.46) 
with w/o,, > 1 
1/2 
P (=) Š az (=~) e- 20/8 am, (26.47) 


P obviously reaches its maximum value in the region w ~ o,, (i.e. with 
x ~ 1); the width of the spectrum is of the order of w,,. A graph of the 
function P(w/w,,) is shown in Fig. 136; it allows us to determine more 
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Fic. 136. Graph of the function P(w/w,,) 
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precisely the position and value of the maximum of the spectrum: 


2 
Omer = OM = (3) (a) | Pmax ~ 0,1. (26.48) 


It is clear from what has been said that the high harmonics s>> 1 play 
the major part in the emission of a relativistic electron. This circumstance 
has already been pointed out above. The total emission energy in vacuo 
(summed over all the frequencies) is(Landau and Lifshitz, 1960, section 74) 


œ 


dé\° _ ò o 4 _ 2ER (26.49) 
(e) | dt ~ 3e(1 — 8) ` 


tot 





It follows from the formulae given that the spectral intensity of the 
magneto-bremsstrahlung in the solar corona is generally several orders 
less than the corresponding value for the Cherenkov emission of plasma 
waves. In actual fact, in accordance with (26.45) and (26.48) at the spectral 
maximum 


dt nx c 





8 


so that dé,/dt S$ 2X107% at a frequency of w ~ 227X108 sec—1, whilst 
the intensity of the Cherenkov emission is characterized by the value 
dé ,/dt ~ 5X107! (see p. 416). In practice, however, the magneto- 
bremsstrahlung of one particle is more efficient than the Cherenkov emis- 
sion (since the latter is strongly attenuated while leaving the corona in the 
process of wave transformation, whilst the former leaves the corona freely); 
the magneto-bremsstrahlung is also many orders more intense than the 
ordinary bremsstrahlung. 

The relations discussed above, which characterize the frequency spec- 
trum of a relativistic electron, are valid only for plane motion of a 
particle when there is no velocity along the magnetic field (6, = 0). 
If $ + 0, then in the formulae (26.43)(26.49) we must replace w, by 
@y Sin 0, where 6 is the angle between the velocity V of the electron and 
the magnetic field Ho (i.e. substitute instead of Ho the magnetic field 
component H,, orthogonal to the velocity V). This operation, however, 
is legitimate only until 6 >> mc?/&, i.e. much greater than the range of 
angles Ax ~ mc?/&, in which the synchrotron emission is concentrated. 

In the case of the opposite inequality 6 < mc?/&, i.e. when an electron 
moves along a helix strongly stretched along H at a transverse velocity 
B, <(mc?/E)B\, ~ mc?/E, the magneto-bremsstrahlung in all directions æ is 
in the nature of a dipole emission. The energy emitted in a unit solid angle in 
a vacuum can then be obtained from (26.42) by expanding the Bessel func- 
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tion and its derivative with respect to the argument € = sf, sin a(1— 
B,,cosa)~? When cos a = fq the quantity ¢ reaches its maximum value 
of s6Z/mc*. It follows from this that the argument ¢ is small when com- 
pared with unity for any « at harmonics that do not have too large a num- 
ber s «< mc?/£0. Neglecting the higher terms of the expansion in powers of 
€ in (26.42) we arrive at the following formula for the dipole magneto- 
bremsstrahlung of an electron in a vacuum: 





değe değip _ e%w*{s*BT (1 +. cos? a) +076? sin?a} ¿2-2 
dt 7 dt — 2xc(1 — By cos æ) 228(s!)? ` 


j=1,2 


(26.42a) 


Since € < 1 the emission intensity decreases rapidly as the number s of the 
harmonic rises, i.e. in the present case, 0 «< mc?/2, the part played by 
the higher harmonics becomes negligibly small when compared with the 
lower harmonics. The latter makes the limitation of s «< mc?/£@ imposed 
above insignificant in practice. 

How do the synchrotron emission formulae (26.43)-(26.50) alter when 
the influence of the medium is taken into consideration? In an isotropic 
a/u < 1) and sufficiently rarefied (1—7, . « 1) plasma for which 


2 
On w 

— «l; A 
w 2a 





«l; 


2 al w 
ni, 2 © Tw’ 


the expression (26.43) for d „/dt retains its value if the argument ‘x of the 
function Y(x) is replaced by the quantity (Razin, 1960) 


+= (52) femal} 


A-r.) (a) «1 


In the case of 


the effect of the isotropic plasma on the synchrotron emission can be neg- 
lected. This effect can become significant only in a region where 


(1—7,3) (az) z1, 


i.e. at frequencies of 


PE E 


mc 
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When this range of w is found at frequencies much less than w,,, (26.48): 


2 
Zor me ari, (26.51) 


On & 


the presence of the medium is felt only in the lowest frequencies of the 
spectrum; therefore the maximum of the intensity and the total emission 
energy (summed over all the frequencies) will in fact be defined by the 
previous formulae (26.48) and (26.49). l 

In the opposite case of 


ALME i (26.51a} 
H 


the part played by the medium is very important. Here the parameter 
x’ >> 1 at all frequencies. Since the function Y(x’) decreases exponentially 
as x’ rises when x’ > 1 the synchrotron emission maximum comes at 
frequencies of w ~ Omar corresponding to the minimum value of x’ as a 
function of œw (Zheleznyakov and Trakhtengerts, 1965) 


oLa x VIZo sA . (26.52) 
In accordance with (26.48), (26.5la) and (26.52) 


Pear 24/2 ou me >l. (26.52a) 


ae 


Therefore the effect of the surrounding plasma is to “suppress” the low 
synchrotron emission frequencies, resulting in a shift of the spectrum 
maximum towards the high frequencies. The level of emission at the spec- 
trum maximum decreases; it can be found by substituting in (26.43) the 
value œ = Oœ ax and remembering that at this frequency x’ > 1: 


2 
ee ae P a wg 8729-2, 


Here ô is used to denote the parameter 4/3(w;/®p)Mme]/2. It follows from 
(26.51a) that the last formula is valid if ô > 1. 

It is also shown by Zheleznyakov and Trakhtengerts (1965) that the 
total synchrotron emission power (d&/dt),,, in a plasma when 4 > 1 
decreases sharply when compared with a vacuum: 


d£) _ (d£\° 3, , , 
orao F = 
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This circumstance will be used in section 30 when analysing the mecha- 
nism of type IV radio emission. 

Let us now examine in greater detail the question of the intensity of the 
‘magneto-bremsstrahlung of a weakly relativistic electron (Zheleznyakov, 
1964a). In this case we shall consider 8 = V/c is sufficiently small and, in 
particular, assume that the inequalities 


Bae! 


BP<«il, [nByl<1, Isni sina| «1, a5 


<1 (26.54) 








are valid. In the small velocity approximation the emission frequency 
(26.31) does not depend on V, and is 


SOH 


~ 1—njB, cos «’ Sp) 


which in its turn is close to swp. The latter follows from the second ine- 
quality (26.54), which at the same time means that all that is being dis- 
cussed is emission in a region of normal Doppler effect s = 0 (see (26.32)). 
Further, we bear in mind that for a weakly relativistic electron the mod- 
ulus of the argument of the Bessel function in (26.35) E = sn,B, sina is 
much less than unity. This allows us to limit ourselves in (26.35) to only the 
first terms of the expansion of J,, J; in powers of ¢. 

As a result we obtain that the intensity of the dipolet emission of an 
electron in a magnetoactive plasma is 


dB go n MEOH Bi lta) +0 BiP g- da 


2s(o1\2 ° 
a 2uc|1—B, cosa (ny +0) eG) 





(26.56) 


J 
w 








Allowing for the second and last inequalities of (26.54) and also for the 

form of ¢ this expression can be represented in the form 
det 2w2B2 2 : 
Le z= dadi yL + aj+ mB By sin «)22—-25+15%(5!)-2(snjB, sin æ)” -2. 
(26.57) 


Since w ~ swy, in (26.57) we put nf(w) ~nfswoy), y(@) = y(soy), 
etc., So 


di 2 02 
Re ~ Tesla + [ny2 +a;)(sn;p 1 sina)®-?] wswg2—25+154(s!)-2. (26.58) 


+ The contribution of multipoles to the emission of an electron can be taken into 
‘consideration by retaining the subsequent terms of the expansion of J,, J; in powers of 
‘€ (for further detail see Zheleznyakov, 1964a). 
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When changing to the last expression for (d CaP dt it was also taken that 
l+a,+nBB, sina ~ 1 +a). 

However the formula (26.58) even as an approximation will not be 
true with s = 1 (at frequencies w ~ ,,), since for the fundamental harmon- 
ic with any values of the parameter v = w?/m? and the angle æ (with the 
exception of æ = 0 and v = 0)T we have (1 +&)o-og = 9. Therefore for 
s=1 the factor 


p = H l+a, WH 
I+a,+7,8,8y sin a = (1 ahi" (1 sE) Bytan a 


(see (26.57)) should be taken as being equal to 


(1—-vu) EEA o +8; tan a) cs 


where (1+0,)(1—+/u)~! remains finite when 1—4/u approaches zero. 
Therefore the intensity of the emission at the fundamental harmonic is 


dep 707,87 T2 
dt ~ Bnc (1--v'u) |» (+ 











2 
“J 48; tan a) | , (26.59) 
Vu wv=0g 
where, in accordance with (26.55), the factor (1— 4/ u)? can be written in 
the form 


(1—+/u)? = non) Bi cos? a. 


The applicability of the formula (26.59) in the vicinity of æ = 2/2 is 
limited by the fact that we used the Doppler equation in the form (26.55) 
instead of (26.31) when changing from (26.59). It is not hard to see that 
with small 6? and n,B, cos æ this cannot occur in the case 2|n,B, cosa} 
>> B?, which is violated when « ~ 7/2, and also in regions of the plasma 
where n, is close to zero. 

At the same time for s > 2 the factor (1+a,)%_.2, does not become 
zero and the relation (26.58) will be valid provided that 


[1+a,| > |n sin «|. (26.60) 


The second inequality (26.54) helps the satisfaction of this condition; how- 
ever, (26.60) is definitely violated in the vicinity of values of the parameters 
where f, becomes infinity. As can easily be checked the latter holds for 
ordinary waves with a = 7/2. 


+ This is valid only when thermal motion is not taken into account. In actual fact 
near « = 0 and v = 0 finite intervals exist outside which (1+¢)y20 „ = 0. The value 
of these intervals can be found in the kinetic treatment (see below). 
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Above, when we were discussing the conditions of applicability of the 
expressions for the intensity of a weakly relativistic electron no allowance 
was made for the effect of thermal motion in the plasma on the value of 
Nj, Yj % or B,, which in certain cases becomes very significant. For ex- 
ample, in the vicinity of values of u, v and æ where nè written in the form 
{23.2) becomes infinity,t it becomes necessary to allow for thermal motion 
and the formula (26.35) together with its corollaries becomes invalid. In 
the case of a weakly relativistic electron of interest to us the expression for 
the emission intensity of an extraordinary wave in the form (26.59) becomes 
untrue with small angles «, since with « + 0 and œ > w, the refractive 
index n(w) becomes infinitely great. A similar position also holds with 
small values of v and arbitrary æ, when the frequency œw corresponding to 
nê becoming infinity approaches the gyro-frequency @,,, and also with 
certain selected values of v and æ for which n, = œ at frequencies œ ~ 
S@y(sS = 2). The emission of an electron in these cases has been dis- 
cussed in detail by Pakhomov, Aleksin and Stepanov (1963, 1961), 
Pakhomov and Stepanov (1963). 

However, with the exception of these special cases, allowing for thermal 
motion in the propagation of extraordinary and ordinary waves provides 
only corrections to n}, 77, a, B, of the order of Pa or p, which for the 
greater part do not in any significant manner affect the magneto-brems- 
strahlung of an electron in a non-relativistic plasma where fa < 1. The 
single exception in this sense is the case of emission at the fundamental 
harmonic: the formula (26.59) becomes inapplicable in the region of 


frequencies wheret 

A 

(1-v«) <2 (26.61) 
nyBonCOSe, 


(for further detail see Zheleznyakov, 1964a). Moreover, even in this case 
(26.59) retains its value for estimates of the order of magnitude; this kind 
of estimate can be obtained by extrapolating (26.59) into the region 
(1—4/u)? ~ 2nfBi, cos? a: 
desir 9 ewtb Pia COS? a ny? I+a, 
dt drc JY) 1-Vu 
Finally, let us compare the intensities of emission in an isotropic and 


magnetoactive plasma with helical motion of a weakly relativistic electron. 
If the medium is isotropic, then the intensity of emission into both normal 


+6; tan “| (26.62) 


+ These values are determined from the equation (23.4). 

t That is at frequencies where, as follows from the Doppler relation (26.55), the 
contribution to the magneto-bremsstrahlung from thermal electrons moving at a ve- 
locity of fın becomes significant. 
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waves can be determined from (26.41). As a result we obtain that for the 
magneto-bremsstrahlung of a weakly relativistic electron in an isotropic 
medium with an index n, = «/l—v 


di 
We a we #LePatI 1 + cos?a)2-2+1s(s1)- -2(sn,, 9B. sin «)**-2. (26.63) 


Anc 


Integrating over all solid angles we obtain the expression for the total en- 
ergy of the magneto-bremsstrahlung in unit time (Zheleznyakov, 1964a): 


deäp =|“ degi? 27353 ewh T s*s+1(5+1) 





dt as 


dt c (2s+1)! (26.64) 


An 


By comparing the formulae (26.59), (26.62) with (26.63) we can see that in 
a magnetoactive plasma the emission intensity of an electron at the gyro- 
frequency decreases sharply when compared with the case of an isotropic 
medium (roughly speaking, by a factor of f7? with 8, > fm and a factor 
of 62; with Bu S By» unless we allow for the factors containing y,, ~,, Bj 
etc.). At the same time the emission intensity at the higher harmonics 
w ~ S$, (S = 2) does not vary radically (see (26.58), (26.63)). Therefore, 
if in an isotropic medium the value of the harmonics in the emission spec- 
trum of a weakly relativistic electron decreases as the number s increases 
(as 6%, starting at s = 1), then in a magnetoactive plasma this decrease 
actually occurs only with s = 2. The point is that because of the appear- 
ance of the factor (1—+/u)? ~ p} in the expression for the intensity at the 
fundamental karmione the ratio (with respect to the velocities) {dé45 
(s = 2)}/de |{deGP(s = 1)}/dt ~ p? /B% and with $, ~ f, generally speak- 
ing, becomes of the order of unity.t Attention was drawn to this cir- 
cumstance in the paper by Ginzburg and Zheleznyakov (1958b). 

We note that in the paper by Twiss and Roberts (1958) the calculation of 
the magneto-bremsstrahlung of an electron in a plasma is carried out in- 
correctly. This follows if only from the fact that in their paper the emis- 
sion intensity at œ ~ ,, is proportional to the square of the velocity of a 
weakly relativistic electron for an extraordinary wave and to the sixth 
power for an ordinary one. This differs from the expressions given above, 
according to which d&{{?/dt is proportional to the fourth power of the 
velocity for both components emitted at an angle æ = 0 to the magnetic 
field Ho. 


t It is clear from what has been said that unlike the magneto-bremsstrahlung of a 
relativistic electron in whose make-up high harmonics (s >> 1) predominate, in a weakly 
relativistic case the major contribution to the emission is made by the lower harmonics 
(s ~ 1-2). 
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Looking ahead a little, we would stress that the function dcjiP/dt œ p2 
also contradicts the well-known fact that there is no absorption at the 
frequency w ~ w, in a plasma without collisions or thermal motion (see 
(26.94) where with vœ > 0 the absorption index x, > 0). In actual fact, in 
the case of (d&4?)/dt oc 6? the emissive power of an equilibrium plasma 
in the range of frequencies Aw is qdw oc p? ~ På, where Aw œ p ~ By 
because of the Doppler effect. Then, in accordance with Kirchhoff’s law 
(26.8), the coefficient of resonance absorption in the region of the first 
harmonic is yj“ oc a,/T, which in its turn is proportional to 1/8,,. There- 
fore yj — œ with f > 0 in contradiction to the elementary theory of 
wave propagation in a plasma. A similar error is also made when calculat- 
ing the emission intensity of an electron in Oster’s paper (Oster, 1959). 
On the other hand, with correct treatment of the problem when, in ac- 
cordance with what has been said above, d&“P/dt oc p3p? ~ Ba, the 
quantity u; oc fm and approaches zero when f — 0. 

It was noted above that a magnetoactive plasma radically alters the 
nature of the emission at the fundamental harmonic only if the electron 
concentration in the plasma N (and at the same time the parameter v) is 
not too small. The concrete condition imposed here on the quantity v can 
be obtained by means of the kinetic equation. According to Stepanov 
and Pakhomov (1960) the conclusion drawn above about the sharp de- 
crease in the emission intensity of a weakly relativistic electron in a mag- 
netoactive plasma at the fundamental harmonic is valid if 


v => Bun, cos a | w(zy) |. (26.65) 


The function w(z,1) here is of the form 


zy? 


-z 2i 1—wg/w 
PA zz /2 gt = H 
waza) = e 9 ( Em | ede |, zn = fica 
0 


On the other hand, in a sufficiently rarefied plasma, when 
v < Bm cos | w(zs) |, (26.66) 


the emission at the fundamental harmonic in practice differs in no way 
from the emission in a vacuum. 


ABSORPTION OF ELECTROMAGNETIC WAVES IN AN ISOTROPIC PLASMA 


The presence of absorption leads to the change of the electromagnetic 
energy of a wave into the energy of the plasma thermal motion. Due to 
this the emission intensity decreases along the ray (i.e. in the direction of 
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the group velocity V,,) as 
Iæ e7 = elad, (26.67) 


The field of a wave in an absorbing medium can be given in the form (22.15) 
(or (22.25)) by changing the refractive index n, to the quantity n, — ix}, i.e. 
by puttingt 


-2 wy) Kd 
kj = PA ng (26.68) 


The quantity x, is called the absorption index of a wave of the jth type. 
Comparing (26.67) with (22.25), (26.68) and remembering here that the 
intensity is a characteristic of the emission quadratic in the field strength, 
we obtain that the absorption coefficient is 


by = 22. x cos ®. (26.69) 


The factor cos @ allows for the fact (significant for a magnetoactive plasma) 
that u, determines the absorption in the direction V,, = dw/dk,, whilst x, 
determines it in the direction k,. For the case of an isotropic plasma these 
directions are the same (cos # = 1). 

It was assumed above that the frequency is real. This corresponds to 
problems in which the propagation of waves from a certain source is being 
investigated, the efficiency of generation in which does not vary (or 
weakly varies) with time. If the source of emission is definitely non- 
stationary the picture becomes more complex since w and k must be 
considered complex quantities. In solar and planetary astronomy there 
is also interest in a different way of putting the problem of absorption, 
when the nature is investigated of time attenuation in a plasma of a certain 
initial perturbation of the electromagnetic type. In a uniform medium this 
perturbation can be expanded in normal waves (22.10) with real &,; then 
the imaginary part will characterize the attenuation in time of the field’s 
Fourier components. The attenuation coefficient of the wave in time deter- 
mined by the relation y, = AJ,/9, is 


> (26.70) 


do 
Yi = PI Tk 








since I, = ¢;| dw/dk,| (see (26.7)) and by definition u, = 41,/I, (AJ; isl the 
energy absorbed in unit time in a unit volume of the plasma). 
+ Here and below we have in mind the so-called uniform waves, for which k’ || k” 
(k = k’ —ik”). We are not discussing the case of non-uniform waves. 
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After these remarks, which are general in nature, let us proceed to a 
concrete discussion of absorption in a non-relativistic or weakly relativ- 
istic plasma (6%, < 1). 

In the preceding section it was noted that the spontaneous emission of 
individual particles in a plasma is made up of several elementary processes 
amongst which the major role in solar radio astronomy is played by brems- 
strahlung in the process of “collisions” with other charged particles, the 
Vavilov-Cherenkov effect and magneto-bremsstrahlung during helical 
motion in a magnetic field. Each elementary process makes a definite 
contribution to the emissive power a,; then it follows from the Kirchhoff 
equation (26.8) that the corresponding absorption is connected with each 
component of the spontaneous emission in an equilibrium plasma. 

In the absence of a constant magnetic field, when there is no magnetic 
bremsstrahlung, the attenuation of waves in the plasma consists largely of 
absorption due to electron-ion collisions and Cherenkov absorption. The 
latter obviously only occurs for plasma waves since there is no Vavilov— 
Cherenkov effect for transverse electromagnetic waves in an isotropic 
plasma.t 

The absorption because of collisions can be obtained by means of 
Kirchhoff’s law if we know the emissive power of the plasma caused by 
the bremsstrahlung mechanism. The latter can be found by using the ex- 
pressions given in the preceding sub-section for the bremsstrahlung intensity 
of individual electrons. In the majority of cases, however, absorption due 
to collisions is studied within the framework of elementary electromagnetic 
wave propagation theory by introducing the effective number of collisions 
Ye into the quasi-hydrodynamic equations of motion of the charged 
particles (22.7) (see Ginzburg, 1960b, section 3)—-an operation which to 
a certain extent allows for the presence of thermal motion in the plasma. 

Allowing for v leads to an alteration of the form of the dispersion 
equations that connect w and k,. For example in an isotropic plasma 
instead of (22.16) the following relations will hold: 


2 2 V2k2 
oe ol tek, u? te (26.71) 
1- ZF. pate. 
w @ 


t The intensity of electromagnetic waves along the ray also decreases because of 
their scattering on fluctuations of the electron concentration and transformation into 
plasma waves in a regularly non-uniform medium. A similar effect occurs in the 
Propagation of plasma waves (see section 25). It must be pointed out, however, that 
the decrease in J, connected with these phenomena is generally insignificant when 
compared with the absorption of waves because of collisions. 
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(the first of them relates to an electromagnetic wave and the second to 
plasma waves). 

In the high-frequency case (œw? > »2,), which is known to occur in 
cosmic conditions at the frequencies of interest to us, it follows from 
(26.71) that the refractive indices as before are defined with sufficient ac- 
curacy by the formulae (22.17), (22.19); at the same time the absorption 
coefficients are 


x x Irie ni, 2 v, (26 72 
12% > m 2 eff .72) 
for an electromagnetic wave and 
43 goes 26.73 
3 2onsBi Vert (26.73). 


for a plasma wave. Accordingly the absorption coefficients can be written, 
in the form 








1—n? 2Nv, 
VIEN a Ver = as ee = __ meN i (26.74) 
1,2 cy 1—v mea) ZEN 
mo? 


1 = 1 ee Von 
Ha zZ enp Vet = Pavia Vr = V2, Vette (26.75); 


Here the parameter v = w?/w? = 4xe2N/mo? and in the expression for ps. 
it is taken into consideration that the phase velocity of the plasma waves is. 
Vin = Val E = Vin/+/1—0 (see section 22). 

The coefficients of the attenuation in time y, when the expressions for 
the group velocities dw /dk, are taken into consideration (section 22) prove. 
to be 


71,2 = Uvet, V3 = Vef- (26.76) 


In the region v ~ 1, ya = 1,2. We notice that the same expressions for 
y; = 2Imo can, of course, be obtained directly from the equations (26.71): 
by putting Im & = 0 in them. 

The v.g figuring in the formulae given (the effective number of collisions. 
undergone by an electron in unit time) is defined by the following relation 
(Ginzburg, 1960b, sections 6 and 36): 


Pett = Veit Vem (26.77): 


where the first term allows for collisions with ions and the second for col- 
lisions with neutral molecules. 
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In a plasma 


5,5N T 
aa In n (220 wa] (26.78) 


wy 


Vei = Nee 


z a PN ln (o 37 


aym aym) 
or 





met \18 xT 5,5N 
Vei = N— G ai VN ln | ô E (ar) ani | x Tor 


depending on whether the value of the electron temperature T is less or 
more than 3X105 °K. In the region T ~ 3X105°K both formulae give 
approximately the same result. It is assumed in (26.78), (26.79) that the 
number of ions is N; = N, = N;t the mean arithmetic velocity of an 
electron is V= “/ 8xT/ma; the factor 6 ~ 1; the electron temperature T 
‘can, generally speaking, differ from the temperature of the ions. The 
effective number of electron collisions decreases as the electron kinetic 
temperature T rises, being approximately proportional to T-*”. 
For collisions with neutral molecules 


2°* In n (108 xis) (26.79) 


Vem = kam PNm = 8'3 X 10a? VTNm. (26.80) 
Here N„ is the concentration of the molecules, za? is the effective cross- 
section for collisions of this kind. In air wa? ~ 4-4 10-1 cm?; for rough 
calculations in planetary atmospheres it can be taken that za? has the same 
order of magnitude. The number of collisions of electrons with molecules 
rises as T increases in proportion to T!?, 

According to (26.78)-(26.80) the ratio »,,,/v,, ~ 10-°T?N_,/N. In the 
solar corona with T ~ 10° °K because of the low concentration of neutral 
molecules (N,, ~ 1077N; see section 1) this ratio is very small (~ 1075), 
which allows the collisions with neutral molecules to be neglected. As for the 
chromosphere, the temperature there is lower (T ~ 104 °K) and Pem a€ 
1 if the neutral molecule concentration is N,,<«< 102N. It is clear from 
Table 1 in section 1 that this inequality is definitely satisfied in the outer 
chromosphere (at altitudes h 2 6000 km) and apparently in the hot ele- 
ments of the lower chromosphere (h < 4000 km); in the cold elements 
Vem İS comparable with v,,. A similar situation, as far as can be judged 
from the example of the Earth (Ginzburg, 1960b, section 6), also obtains 
in the planetary ionospheres: in the upper ionosphere (the F-layer) it can 
be taken that v. ~ »,;, whilst in the lower E and D layers the number of 
neutral molecules, in all probability, becomes sufficient to provide the 


+ The ions are considered to be ionized once. In a hydrogen plasma such as the corona 
basically is this always holds. Because of the comparatively low temperature in planetary 
ionospheres the content of highly-ionized ions is likewise small. 
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major contribution to the number of collisions with a comparatively small 
effective cross-section: ver œ% Pem- 


An idea is given of the actual values of v„ẹ in the solar corona by the 
graph of the effective number of collisions as a function of the distance 
R to the centre of the Sun shown in Fig. 137. The values of »,g are cal- 


Vett 


01 


0-0 
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ooo 


1 2 3 4 R/R, 


Fic. 137, Effective number of collisions verz in the corona as a function of 
the distance R from the centre of the Sun. 


culated here from the formula (26.79) for two values of the corona’s 
temperature: T = 6X105 °K and T = 10° °K, on the assumption that the 
distribution of the electron concentration in the corona corresponds to the 
Baumbach-Allen formula (1.1). It follows from Fig. 137 that »,, in the 
corona rises rapidly as the Sun’s surface is approached, reaching values 
around 5-20 sec”? in the altitude range A ~ (0-1-0-3)R,. In the chromo- 
sphere because of the low temperature and the high electron concentration 
the number of collisions increases sharply. For example, with T ~ 2:5 
104°K and N ~ 10“ electrons/cm (i.e. in the region of spicules at an altitude 
of h = 6000 km from the photosphere) the number of collisions »,_, ac- 
cording to (26.78), reaches a value of the order of 10° sec™1. 

Knowing v.g the formula (26.74) can be used to find the optical thick- 
ness of the corona 


I 
T1,2 = fous dl 
o 
at different wavelengths. Figure 138 shows 
T1, 2 = fu.2dR 
as a function of R at waveengths of 50 cm to 20 m corresponding to the 


case of propagation of electromagnetic waves along a Solar tadins. The 
graphs extend to values R = R* were the refractive index n, , becomes 
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zero.t The optical thickness of the chromosphere (and the corona) can 
also be judged from Fig. 139 (Smerd, 1950a). In the calculations here the 
following model of the solar atmosphere was used: Baumbach—Allen con- 








10°? 
0 





Fic. 138. Optical thickness of the corona in the case of radial propagation of 
radio waves (in the calculation the values of Fig. 137 with T = 10°°K were 
used for vet). 


centration in the corona, temperature 10° °K; concentration in the chro- 
mosphere 


N = 5-7X 10" exp [—7:7 X 10—4(4—500)] electrons/cm? (26.81) 
(A in km), temperature constant at 3x 104 °K. 


t Actually the formulae given above for the absorption coefficient u become in- 
applicable in the vicinity of the wave reflection point (near R ~ R* with radial propaga- 
tion), which is connected with the violation of the geometric-optical approximation in 
this region. This circumstance, however, which in principle affects the value of the coef- 
ficient of reflection of waves from a non-uniform plasma, is completely insignificant in 
the actual conditions of the solar atmosphere and the planetary ionospheres: the addi- 
tional optical thickness introduced by the reflection region is generally small when 
compared with the total value z; (for further detail see Ginzburg, 1960b, section 36). 
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According to Figs. 138 and 139 the optical thickness of the corona read 
from the R* level, where n, > = 0, rises as the wavelength decreases. This 
is connected with the corresponding displacement of the reflecting layer 
into the deeper layers of the corona and then the chromosphere with 
higher N? values and a lower temperature T (we note that in the layers 
with mn, ~ 1 the optical thickness caused by collisions of electrons with 





Fic. 139. Function 1—e-*:,» for radial propagation of radio waves in the 
chromosphere (Smerd, 1950a). 


ions is proportional to 4? f N2T~-*" dI). Because of this the coefficient of 
reflection of electromagnetic waves from the solar atmosphere e778% 
falls as 2 decreases. 

Let us now examine the features of the absorption of plasma (longi- 
tudinal) waves in an isotropic plasma. It follows from the expression (26.75) 
that in the layers of the corona where »,¢ ~ 5 sec™1 and Vy, ~ 4X 
108 cm/sec the value of the absorption coefficient connected with collisions 
for plasma waves with V,a, ~ 410° cm/sec that is is 1077 cm™?. This 
means that the intensity of a plasma wave decreases by a factor of e over 
a distance of the order of 10? cm, i.e. over a distance that is small when 
compared, let us say, with the size of active regions on the Sun. The time 
that plasma oscillations take to be damped under the same conditions is 
fractions of a second (4 sec with m4 ~ 5 sec). 

As well as the attenuation because of collisions for plasma waves there 
exists specific damping not connected directly with the collisions. It has 
been noted above that the specific absorption is connected with the Cheren- 
kov emission of plasma waves by the plasma electrons; therefore the cor- 
responding expressions for the energy coefficients of Cherenkov attenua- 
tion ys and absorption ys can be obtained conveniently by using Kirch- 
hoff’s law (26.8) and the formula (26.24) for the intensity of Cherenkov 
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emission of an electron in a plasma. The corresponding calculations 
(Andronov, 1961) are given below. 

We first find the emissive power a, by the appropriate averaging of the 
Cherenkov emission intensity over the electron velocity distribution func- 
tion. Using the cylindrical system of coordinates V, V,, p, we can write 
the energy of the plasma waves emitted by a unit volume of plasma in unit 
time in an element of solid angle dQ as follows: 





Ki go = af if LOR KY, VL 9) Vi dV dVidp. (26.82) 
0 


Here V is the component of the electron velocity V in the direction of 
emission k; V,,@ are polar coordinates i ina plane orthogonal to the vector 
k; f(Vi V» p) is the electron velocity distribution function, j = 3. In the 
case under discussion of an equilibrium non-relativistic plasma 


22xT 
(the Maxwell distribution). 


AV) _N ee) (v2 = yz + VP) (26.83) 


easy to express in terms ‘of the spectral density T (26.24) by changing 
from the range dÊ to the range dw by means of the well-known relation 
for the Vavilov-Cherenkov effect AV = œ (26.23a): 
d£ _ aE ja Vn? 
dt dt ah l 
27e do. 


Then replacing the variable V, = c/na(w) (see (26.23b)) in the integral 
(26.82) we obtain: 


oo an ` 
dé,dQ dQ djo 
0 w0 





(26.84) 





On the other hand it is obvious that 


#1 a0 = [os doda. (26.86) 


By comparing the last two expressions for d£,/dt we can see that the emis- 
sive power of the plasma because of the Vavilov-Cherenkov effect is 





œ Qn 
= 1 dEja 
| f V a fV dV, dọ. (26.87) 
0. 0 


438 


§ 26] Emission and Absorption 


Taking the actual form of dé,,/dt and finto consideration this gives: 


eNw 


73 = nP eo) Van 


e- ARV) (va = 5) (26.88) 
. m 
Substituting (26.88) in Kirchhoff’s law we obtain that the coefficient of 
Cherenkov absorption of a plasma wave is 


= EJ w? 
ee Y T8 DOV a 
In the change to (26.89) allowance is made for the fact that the square of 
the refractive index of the plasma waves is n? = ¢/36, and the Debye ra- 
dius is D = V,,,/w,.In accordance with (26.70) the energy coefficient of the 
attenuation of a plasma wave in time will be of the form 


n w? 2 
pee —w2/2V fnk? 
vs | 2 (kDa, á = a 
if œ? = w}+3V%, k2. 


The last expression is the same as Landau’s formula (Landau, 1946) 
which describes the attenuation of longitudinal waves in an equilibrium 
plasma without collisions. Landau (1946) obtained this on the basis of the 
Kinetic equation with a self-consistent field which allows the presence of 
thermal motion to be allowed for better (when compared with the quasi- 
hydrodynamic equations in section 22).t However, the derivation given 
above is easier to follow and stresses the connection between Landau 
damping and the Vavilov-Cherenkov effect. This connection became clear 
after the appearance of the papers of Pines and Bohm (1952), Bohm and 
Gross (1949) and particularly of Shafranov (1958); it was indicated by, 
for example, Ginzburg and Zheleznyakov (1959b). Therefore Cherenkov 
damping and Landau damping are one and the same effect; only the 
methods of their investigation are different.t 

The formulae obtained above for u3 and yz are valid only in the case of 
weak absorption, when u3 < k, y3< œ. This follows even if only from 
the fact that the expression figuring in Kirchhoff’s law for the equi- 
librium intensity i” holds only in transparent (weakly absorbing) media. 
The conditions for weak absorption in space and attenuation in time will 


e- 22V inka (26.89) 


+ Landau damping does not appear in the quasi-hydrodynamic treatment, which is 
a further indication of the insufficiency of the argument in this method. 

ł The reservation should be made that at present Landau damping is the name usu- 
ally given to all forms of wave attenuation in a plasma which exist even in the absence 
of collisions. Therefore in a magnetoactive plasma, for example, we shall start to give 
the name of Landau damping to not only the Cherenkov part but also the magneto- 
bremsstrahlung part of the dissipation. 
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obviously be satisfied with k?D? < 1, i.e. for long enough plasma waves: 


2 \? 1 n 
(=) =p>D, (26.91a) 
or, which is the same thing, for waves with a high enough phase velocity: 
2 
v= oe > V2. (26.91) 


The formula (26.90) was found in Landau’s paper under the same condi- 
tions. We note that in the region in question the frequency of the plasma 
waves t is close to the eigen frequency of the plasma o,. 

If, however, k2D2 < 1, then the method used above for finding the 
value of the coefficient of specific absorption (attenuation) becomes unsuit- 
able,t unlike the method of the kinetic equation with a self-consistent field 
(section 27) which retains its force even with k2D? > 1. According to 
Landau (1946) in this region of the values of k the attenuation of a plasma 
wave occurs in a time £ S 1/w; accordingly in space a wave is absorbed 
over a distance / S å/2x. The latter means that plasma waves with 4/2x S 
D cannot in practice be propagated in a plasma. 

The resultant absorption of plasma waves for which k?D? « 1 and œ? = 
wz consists of two components (bremsstrahlung and Cherenkov) which 
enter additively into the expressions for the total coefficients of absorption 
l3 and y3. For example, the coefficient 


= y N Or  —1/2kD1—3/2 
ya = ver + 3 EDY e (26.92) 


and the effect of Landau damping can be neglected (when compared with 
the effect caused by collisions) provided that 


kD? < |2 In (yz y) (26.93) 


In the inner corona, where œ; ~ 27X 108 sec™t and vœ ~ 10 sec 71, this 
inequality is satisfied if kD < 1/6 (i.e. Vpn > 6V,); in planetary iono- 
spheres with w, ~ 27X10? sec"! and væ ~ 10° sec™i—if kD < 2/9 (i.e. 
Von > 4:5V n). 





ABSORPTION OF ELECTROMAGNETIC WAVES IN A MAGNETOACTIVE PLASMA 
In the presence of a constant magnetic field Ho the formulae for the 
bremsstrahlung and Cherenkov absorption become far more complicated; 
in addition, one more component—magneto-bremsstrahlung—appears. 
t Extrapolation of the expressions given for 4, and y; into the region k?D? ~ 1 is 
permissible only for estimates of the order of magnitude of the absorption. 
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Absorption because of collisions in a non-relativistic magnetoactive 
plasma is characterized by the following relation (Ginzburg, 1960b, sec- 
tion 11): 











(n—ix}, = 
1- 2v(1 —v— iv) 
21 — iv)\(1 —v—ir)— u sin? a F Vu? sinta + 4u(1 — v— iv)? cos? a. 
(26.94) 
where 
of 4neN wz, eHo \2 Ver 
v= oe = 3? = PEY = ( ) y= A 
w mo Ww mco w 


æ is the angle between the wave vector k and the field Ho. The “plus” 
sign corresponds to an ordinary wave (n2, 2), the “minus” sign to an 
extraordinary wave (1, x1). The expression (26.94) for the refractive index 
m,. and the absorption index x, is simplified in the practically very 
important cases of quasi-longitudinal and quasi-transverse wave propaga- 
tiont relative to Ho. In fact, in the quasi-longitudinal approximation 


v 





EEA E nr (26.95) 
¢ Mea 1 FV u |cos «| —iv 
and in the quasi-transverse 
-bo = 1—0) O n-i 
(=bg = (1—iv)\(1 — v—iv)—u sin? æ ° e l—irv ’ 
(26.96 


If at the same time » « 1, then in a wide range of frequencies (l—4+/ u 
cos æ)? > y with quasi-longitudinal propagation the refractive index is 
defined by the formula (23.7) and the absorption coefficient by 


VVeff 


1,2 = =O. 
2w(1 F Vu [cos a |)?71,2 


(26.97) 


Accordingly in the range of frequencies for which (l-+/ u SiN æ)? > », 
with quasi-transverse propagation nı, 2 will be given by the expressions 
(23.8) where 

v[(1—v)?+u sin? a} rer 


xi = 7 
i 2now(l—v—u sin? a)? ’ 


(26.98) 


and x2 is the same as (26.72). 


t The conditions in which quasi-longitudinal and quasi-transverse propagation 
occur are given in section 23 without allowance for collisions (formulae (23.5), (23.6)). 
The effect of the latter on the limits of the applicability of the formulae, which will be 
‘given below, have little effect with the inequality » « 1 that is usually satisfied in the 
cosmic plasma. 
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According to (26.94) the absorption index x, > of a magnetoactive 
plasma rises sharply with values of œ for which the relation 1—u—v+ 
uv cos? a = 0 (23.4), i.e. with the values of œ for which in the absence of col- 
lisions n > œ. This frequency is the same as wy only with longitudinal 
propagation. If « < 0, then œw # @ 4; in particular, with transverse prop- 





agation a sharp rise in absorption occurs as w approaches av oe, toz. 

At first glance this circumstance is very strange. In actual fact the “reso- 
nance” frequency of absorption should obviously be the same as the fre- 
quency at which each electron of the plasma is “pumped” most strongly by 
the field of the electromagnetic wave. In a non-relativistic plasma this kind 
of frequency would appear to be the gyro-frequency w,, at which the electron 
rotates. This is not so, however; the “resonance” frequency of absorption 
in collisions is determined not only by the properties of a single electron 
(rotation at a frequency œg), but also by the parameters characteristic of 
the plasma as a whole (plasma oscillation frequency œz). In other words, 
the collective nature of the motion of the plasma electrons in a field of the 
wave leads to a change in the frequency of the most efficient absorption 
by an amount dw < oz. 

The shift of the “resonance” absorption frequency in a magnetoactive 
plasma becomes particularly obvious when we examine the motion of one 
of the plasma electrons in the field of a normal wave (Ginzburg and Zhelez- 
nyakov, 1958c). The collective nature of the motion of the electrons in the 
plasma (the effect of the ambient medium on the absorbing electron) is 
reflected in the polarization of the normal waves in this kind of treatment. 
As an example let us examine the behaviour of one of the electrons of the 
plasma when acted upon by an extraordinary wave in the case æ = 7/2. 
The linearized equation of motion of an electron in the alternating electric 
field of the wave (in the presence of a constant magnetic field Ho) is of the 
following form: 


mVimverV = —eE-— [FHo]. 


The components of the velocity V that corresponds to the electron’s forced 
oscillations are as follows: 





_ __ ies __ ie UWE, tiv uE 
*~ mo(i—iv)? ?” mo u—(1— iv} i 
y n_i (U-b)E—ivuE, | (26.99) 
,= - 
mo u—(1—iv)? 


(the field Ho runs along the x-axis). However, in the case of transverse 
propagation in an extraordinary wave E, = 0 and the field components 
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E, and E, areconnected by the relation E,v4/ u=iE,[u+v(1—iv)—(1—iv)?]. 
Therefore 
on ae ieE, v(1 — iv) 


_ ieE, 1 
mo (1—iv)?—v(1—iv)—u’ 


V: = > 
mœ v 








so the mean energy transferred in unit time from the wave to an electron 
(and then changing into thermal motion energy) is (r < 1) 


eE,E; u+(1—v)} 


1 Vics 1 +“) ~ 
Re (—zere’) = Re (—5eVE3) = Se a 


2 


It is easy to see that this expression has a maximum at the frequency 





w = y wi, +œ} that satisfies the equation 1—v—u = 0, and not at the 
gyrofrequency as could be expected. 

The Cherenkov part of the Landau damping in a magnetoactive plasma 
has been investigated in detail by Gershman (1953) (see also Ginzburg, 
1960b, section 12) on the basis of the kinetic equation. As shown by 
Ginzburg and Zheleznyakov (1959a), the conditions for strong attenuation 
y; Z œ can, however, be obtained elementarily without using the kinetic 
equation method. 

The Cherenkov emission really will be very small at the frequencies 
which are emitted (and absorbed) by particles with a velocity V > V,, = 
4/2T]m, since there are few such particles in an equilibrium plasma. On 
the other hand, absorption of the Cherenkov type becomes significant at 
frequencies corresponding to V = V. In the absence of a magnetic field 
it follows from the condition for the Vavilov-Cherenkov effect Bn, cos 0 
= 1(@is the angle between the particle velocity V and the wave vector k) 
and from the condition V < V that strong attenuation is possible only 
in the case when £,,n,|cos 6| 2 1, i.e. if 








Ban - ~ kD = 1. (26.100) 


When changing to the last relation it was borne in mind that with a given 
direction of propagation of the wave the angle 6 for the plasma particles 
takes up all possible values. 

It is clear that the criterion (26.100) for strong attenuation in an isotropic 
plasma remains valid even when there is a weak enough magnetic field 
(in this connection we recall the remark made in the first subsection of 
this section that in weak fields Ho the emission in a system of harmonics 
s = 0, +1, +2, ... is reduced in practice to the Vavilov—-Cherenkov effect 
for an isotropic medium!). At the same time for strong magnetic fields 
the condition of effective absorption will be different because the 
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condition for the Vavilov-Cherenkov effect here is of a different form: 
Bn, cos « = 1 (26.30). In this case the absorption obviously becomes sig- 


nificant only when 
Bunj|cosa| z 1 (26.101) 


(we note that æ, unlike 0, keeps a definite value with a given orientation 
of Ho and &). 

The criteria given above for strong Cherenkov attenuation can also be 
obtained from other considerations which allow us to determine more ac- 
curately the limits of applicability of the conditions (26.100), (26.101) and 
judge the magnitude of this attenuation. The perturbation that has ap- 
peared in the plasma corresponding to one of the normal waves is damped 
in a time £ < 1/% (i.e. in this wave y, z œw) if in this time the electrons, 
while taking part in the thermal motion, are displaced a distance 1 ~ 2/2x 
along &. In fact, in this case the electrons in the period of the oscillations 
transfer an ordered velocity acquired under the action of the field of the 
wave into the region where the phase of the wave y differs by an amount 
Ay = 1.Itis clear that this circumstance is the cause of the sharp decrease 
in the wave amplitude in the time tf $ 1/o. 

Therefore the criterion of strong attenuation is the relation //V,,~ 4/2nV, 
~ t S$ 1/%w or (what is the same thing) the condition V,/o 2 A/2x = 1/k, 
where V, is the velocity at which the electrons move in the direction k. 
Since in an isotropic plasma V, ~ Va the condition that has just been 
written becomes w/k = Vpn S Vamor Bin; z 1. This is the same as the 
criterion (26.100) which obviously retains its value even in a magnetoactive 
plasma if the magnetic field does not prevent the displacement of the elec- 
trons by a distance 7 ~ A/2n along k at the thermal velocity. The latter 
holds if the radius of rotation of a thermal electron ry ~ Vy,/@, is greater 
than or of the order of A/2z sin «, i.e. 


_ pAn? sin? « 
~ u 


ô 21. (26.102) 


If, on the contrary, ô< 1, then the electron can move 2/27 along the 
normal to the wave only because of motion along the magnetic field Ho; 
in this case the velocity V, of the advance along k is Vy, cos æ. It follows 
from this that with ô « 1 the criterion of strong attenuation 4/2 V, S 1/@ 
is of the form fi,"; cos?« 2 1 and therefore is the same as (26.101). 

It is clear from (26.100), (26.101) that strong attenuation occurs with 
large n? > pg > 1. For example, in the Sun’s atmosphere fp < 1072 
and therefore n5 > 104. Similar values of n4 correspond to the plasma branch 
of the dispersion curves, where the wave is close to longitudinal (i.e. the 
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component of the electric field along & is much greater than the transverse 
component).t The attenuation here becomes so strong that there is no 
sense in speaking of wave propagation. 

Magneto-bremsstrahlung absorption at frequencies of w ~ sw, (s = 1, 
2, 3, . . .) has been treated kinetically in papers by Stepanov and Pakhomov 
(1960), Sitenko and Stepanov (1956), Stepanov (1958), Gershman (1960). 
However, to calculate this form of absorption as well as the kinetic equa- 
tion method a simpler and clearer method based on Kirchhoff’s law is 
also applicable in the majority of cases. The latter connects the absorption 
coefficient of the electromagnetic waves with the emissive power of the 
plasma, which in its turn can be found from the known emission intensity 
of an individual electron by summing the contributions from all the parti- 
cles, making allowance for their velocity distribution. This approach to the 
solution of the problem of magneto-bremsstrahlung absorption in a 
weakly relativistic equilibrium plasma (or, as we shall call it, of gyro-res- 
onance absorption) has been used by Zheleznyakov (1964a).t 

According to Zheleznyakov (1964a) theenergy d¢,,/dt of electron magneto- 
bremsstrahlung at the sth harmonic related to unit time, emitting volume 
and solid angle is defined by the relation (26.82) in which d&,g/dt should 
now be understood as the intensity of the magneto-bremsstrahlung into a 
unit solid angle. Since d&,./dt (26.57) and f (26.83) do not depend on the 
polar angle ç in a plane orthogonal to Ho we can at once integrate in (26.82) 


t The exception in this respect is an extraordinary wave when a = 0 in the region 
where u > 1 (the branch nê in Fig. 115b) which remains transverse even with n} > 1. 
The criterion of strong attenuation for this wave is not the same as that indicated (see 
Stepanov and Pakhomov, 1960; Gershman, 1953), which is not surprising since in the 
case under discussion the absorption is not Cherenkov but magneto-bremsstrahlung. 
(This is connected with the absence of Cherenkov emission of transverse waves in the 
direction « = 0 when an electron moves along a helix in a magnetic field.) It can be 
shown, however, that in this case when the relation (26.100) is satisfied the attenuation 
will be great if at the same time v S fim’. Under cosmic conditions (the atmospheres 
of the Sun and the planets) for the range of frequencies of interest to us the latter condi- 
tion is well satisfied. 

t We have already spoken above of the resonance absorption of radio waves in a 
magnetoactive plasma (at frequencies for which n,(w) > oo), The resonance nature of 
the absorption at these frequencies is connected with the collective effects during the 
motion of electrons in the field of a wave occurring even when the thermal motion of 
the particles in the plasma is neglected (with a fixed number of collisions »,4). On the 
other hand, gyro-resonance absorption is connected with the resonance of individual 
electrons at frequencies œw ~ sw, that occurs only when thermal motion is taken fully 
enough into consideration. These types of absorption are caused by physically different 
phenomena: the first is connected with bremsstrahlung and is proportional to T~*? 
(T is the plasma’s electron temperature), whilst the second is connected with magneto- 
bremsstrahlung and, as follows from what is said below, is proportional to 7’—¥/2 
(s = 2) and T!? (s = 1). 
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with respect to g: 
2 = dn f La “10. fy, dV, dV}, (26.103) 
¥ 
Noticing that the frequency of the magneto-bremsstrahlung (26.55) con- 


tained in dĉ;o/dt in the direction «is a function only of the longitudinal 
(V,) component of the electron velocity, we replace the variable V, in 


(26.103) by w: 
dn = =| [Tae a 








ori jars do. (26.104) 





It is clear from this that the emission power of a plasma a,, for the type- 
of emission under discussion is of the form 








ajs = 2n [2 dé ja vs VdV, (26.105) 
where, in accordance with (26.55), 
CARD (26.106) 


ðo ~ wn cosa’ 


The last equality is valid if at the same time as the conditions (26.54) the 
inequality 
[ny cos «| >> [By] (26.107) 


holds. With £, # 0 it can be satisfied only for angles æ that are not too 
close to z/2, Substituting the expression for d&j./dt (26.56),t f (26.83) and 
dV, [dw (26.106) in (26.105) and integrating with respect to V, we obtain: 





ajs Z 


s% eNow (xT \ s712 sin®s—2 g 
25(27)9/251 cs \ m | cos « | 


Xn tatn Ba sin dt exp (— SUE). (26.108) 


t Therefore the discussion below relates only to the region of the normal Doppler 
effect (s > 0), where only this formula is valid for dĉ;go/dt. In the region of the anom- 
alous Doppler effect mp cos « > 1 efficient absorption occurs at frequencies emitted by 
electrons with J ~ Bin, i.e. at frequencies where 7,8,, cosa > 1. In the latter case, 
however, as is clear from (26.101), there is strong Cherenkov absorption as well as 
magneto-bremsstrahlung; allowing for the first effect obviously makes the conclusion 
of the impossibility of wave propagation with npin cos « Z 1 more weighty. 
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From the known emissive power from Kirchhoff’s law we find the en- 
ergy coefficient of gyro-resonance absorption: 


ios Bpa 2 BR exp ( — “= (26.109) 

where 
Bj = V5 ons F[1 ++ 8,1 —sV'u) tan a]? To a <, (26.110) 
Bs _ 1-svVu (26.111) 


a= Bu Brn Cos @ : 


B xT y= 2t -u= OH 
th = mez’ wo’ wo” 


æ is the angle between the wave vector k and the field Ho, ò is the angle 
between & and the group velocity dw/dk. The parameters a,, 8, and y; are 
given by the formulae (26.36)-(26.39), the refractive index n; by the for- 
mula (23.2). When changing from (26.108) to (26.109) the velocity compo- 
nent V, = f,c is eliminated by using the Doppler equation in the form 
(26.55). 

Because of the exponential factor in (26.109) the quantity (w) becomes 
very small at frequencies that are not too close to sw, (i.e. provided that 
z% œ 2). Therefore the spectrum of effectively absorbed frequencies forms 
a number of discrete “lines” with centres at œ = swy. 

It is easy to see (see (26.54), (26.107)) that the expression obtained for 
the coefficient of gyro-resonance absorption is valid in the case when the 
following inequalities are satisfied :t 


h<l, «l, |njBy)|<1, 
3 
lsnjbm sin a| <1, Bio 52 «l, (26.112) 


|nj cosa| > |fil, 


where 8, = (1—sv'u)/n, cos «. In addition, at the fundamental harmonic 
s = 1 (i.e. at frequencies w ~ wy) the expression for u, retains its force 
only at the edges of the absorption line (provided that zł, >> 2), since in 
the region zh S 2 the expression (26.59) for the intensity of an electron 
becomes inapplicable. Therefore with zł ~ 1 the formulae (26.109)- 
(26.111) can be used only for estimates of the order of magnitude of the 


+ The first and fourth inequalities are obtained from the corresponding conditions 
(26.54) by replacing 8, by fın. This replacement allows for the fact that for a Maxwell 
distribution the contribution of electrons with f} >> fia can be neglected when com- 
pared with electrons for which 8) < Bin. 
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absorption coefficient; the rigorous expression for 4, in the region z, < 1 
can be found only as the result of investigation on the basis of the kinetic 
equation. At the higher harmonics s, starting at the second, these limita- 
tions drop out and the formulae (26.109)-(26.111) for u, are applicable 
both at the edges of a line and inside it. 

It is reasonable to simplify the expression for the coefficient of gyro- 
resonance absorption in exactly the same way as was done for the dipole 
emission intensity of a weakly relativistic electron (see the second sub- 
section of the present section). To do this for all harmonics s = 2 in the 
expression for B,, (26.110) we make the frequency w equal to Sy? 

2 


= sin%— 
Bj ~ Vs {on?-4y2(1 +a)? Jenson oosal (26.113a) 


At the first harmonic s = 1 this cannot be donet since (1+a,)2_,,, = 0; 
since, however, (1 +a,)(1—4/u)~! remains finite with 4/u > 1 (i.e. with 


w + Ùy), the factor B, can be shown (with z? >> 2) as follows: 


2 
Ba ~. Via Vu)? fonr 2y? Ga +B, tan 2) Ls | cos æ |71. 


(26.114a) 


An estimate of B, in the region z% ~ 2 can be obtained by extrapolating 
(26.114): 
aa l +a; : 2 
Bn ~ V2 oy? (th tan B3lcosa}. (26.115) 
/ 1— Vu one7 
In the quasi-longitudinal approximation (23.5), which can obviously be 
satisfied in a broad enough range of angles a only with s = 2 (i.e. with 
u<4), 


B a for p-f [1 wltV/u cos 2] `) (1 cos «)? sin®*—? a 
js ~ paiana es SLOSS r 
@=sOn7 


l—u |cos «| 


ee 
EETA 


(26.116) 
(see (23.7)): In the change from (26.113) to this formula allowance is made 
for the fact that in the quasi-longitudinal approximation 


o MY, vdtvucosa)]-? = 
Yj ah ~ fag 7 %4 Ecos & 


4 ‘Elimination of the term £,(1 — s/u) tan « is impermissible even at the higher har- 


monics if it becomes greater than 1+a,. Because of the smallness of 1—s «/u in the vi- 
cinity of the absorption lines this circumstance is significant only with « ~ 2/2. 
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(the upper sign here and above relates to an extraordinary wave and the 
lower to an ordinary one). If v< 1, then it can be considered that n; ~ 1, 
y? ~ 4 and cos ® ~ 1 (the case close to a vacuum); here the energy coef- 
ficient of gyro-resonance absorption becomes particularly simple:t 


_ 1/2 s o a _3(l+cosa)?sin™-?2a ap 
Pjs ~ ) 8 2st chm [cos «| APY 2)? VoD 


2 l-sV/u 


Zz = 
I Ben COS @ * 





At the fundamental harmonic s = 1 (w ~ @,y) at the edges of the ab- 
sorption line for an ordinary wave with v « 1 


n æl; cosx l; 


1+ae 2 _ Sinta (1+2 cos? a)? 
þr l 1—4/u +Bs tan a|} ~ costa (1+cos? a)? 


and therefore 


yz œ (1—~Vuy?_ sint a(1+2 cos? a)? _ 2h 

pa~ y Bo Bu is |cos? a | (1 + cos? æ)? xp ( A), (26.118) 
1-V/u ` 

Bun cos æ ` 


o=0g 


Za ~ 


Of course, the absorption coefficient in the form (26.118), just like the 
expression for the emission intensity of an electron at the fundamental 
harmonic (26.59), holds only for values of v (26.65) that are not too small. 
If v is small enough (see the criterion (26.66)), then the absorption at the 
fundamental harmonic is the same as in a vacuum. In the latter case for 
the calculation of u, we can use, let us say, the formula (26.117) putting 
s = linit. 

The expressions for B, can be given a different form which is more 
convenient when comparing the values obtained for the coefficients of 
gyro-resonance absorption with the corresponding results of the kinetic 
calculations. For this purpose we substitute in (26.113a), (26.114a) the ex- 
plicit expressions for y), æ, 8; in terms of u, v, æ and n,; then after rather 
cumbersome transformations we find (Zheleznyakov, 1964a) that at all 


t We notice that in the region of the values 1—v ~ 1 for s = 2 the quasi-longitudinal 
approximation will be violated at angles a 2 75°; for s = 3 this will occur ifa 280°, 
etc. This circumstance makes possible extensive use of of the formulae (26.116), (26.117) 
in actual calculations of the gyro-resonance absorption in the solar corona at harmonics 
with a number s > 2. 
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harmonics starting at the second 


B.= V7 sin??? & A 
s 2 [cose] \ 


+2(1-- a —v—n? sin? olea- —v)?—u] 


+ [(2—v)u—2(1 — v}? — wv cos? BEN ; (26.113b) 


o=s0g 


n¥-%(1]—u) {nf sin? «—(1—v)(1+cos? a)n? 


and at the first harmonic at the edges of the absorption line 


Ba = y x (=u? / 1 fe cos 2a—Iynt-+ (2-20 cos? a — v sin? æ 


~ ¥ 2 foosa| \2 


a tan? a)n? + (o— v(t -3) +e tan? a} {2(1 —v)\(2—v) 


+(2v—2~sin? a)n?\-1 : (26.114b) 
[ozon 

At harmonics with a number s = 2 the absorption coefficient p, (26.113) 
is the same as that obtained by Stepanov (1958) on the basis of the kinetic 
equation differing by the factor of 2 introduced in Gershman (1960; see 
also Ginzburg, 1960b, section 12). However, u,, (26.114) at the edges of 
the absorption line at the gyro-frequency differs from the corresponding 
expressions given by Sitenko and Stepanov (1956), Stepanov (1958), 
Gershman (1960); in particular, the result of Stepanov (1958) is the same 
as (26.114) only if we eliminate f, tan æ in (26.114a) which, as we have 
seen, cannot be done at the first harmonic. At the same time the correctness 
of the formula (26.114) found by Zheleznyakov (1964a) is confirmed by 
the kinetic calculations made by Andronov, Zheleznyakov and Petelin 
(1964). We note that according to Gershman (1960; see also Ginzburg, 
1960b, section 12) inside the absorption line at the fundamental harmonic 
(s = 1, a < 2) 


bya f e kd (2v—2-—sin? a+ 2n? sin? «)~1 


ee i ee 

«({[1-(1- J si a)e|nt—[2+0( - x tqsin a) 
v? 2 2 
+7 cos 2% — tan 2) fri 


3 v2 v3 \ 
~~ y+ (1-tan? tan? 
+[i 2 v+ 7 (1—tan? «)+ 7 tan a|} cos P (26.119) 
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It is clear from the expressions given for B, that in the general case 
this factor (and at the same time the coefficient of gyro-resonance ab-. 
sorption) depends in a complex manner on the parameters v, u, and the 
angle æ. The nature of this dependence can be seen by turning to Fig. 140 
in which are plotted the graphs of B,,(v)/B},z;, for ordinary waves at the 
fundamental harmonic, and also to Figs. 141-4 which give graphs of the 
values of B,(v) for extraordinary and ordinary waves at the second and 


Bje/ Pozi 


20 
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Fic. 140. Parameter B,,/Bi,z?, as a func- Fic. 141. Parameter B;, as a function of v 

tion of v = œł¿/w? for an ordinary wave for an ordinary wave at the second har- 

at the first harmonic (s = 1) (Zheleznya- monic (s = 2) (Zheleznyakov, 1964a) 
kov, 1964a) 





third harmonics. The ranges of values of vin the figures (0 < v = 1 —4/w 
for an extraordinary wave and 0 < v < 1 for an ordinary one) are selected 
with allowance made for the fact that in these ranges n? > 0.t 

In conclusion it must be said that all the formulae given for gyro-. 
resonance absorption are obtained without allowing for collisions in the: 
plasma. The effect of »,~ on the value of this type of absorption will be 
insignificant if ».¢/o <1, %q/w < mn cos (although of course with 
the presence of collisions comes bremsstrahlung absorption which, com-. 


t With s = 1, ie. with u = 1, for extraordinary waves there is one more region 
with positive values of nj (in layers v > 1 —+/u). However, for cases of practical interest 
of electromagnetic wave propagation in the solar corona and planetary ionospheres. 
this region is of no great importance since immediate escape beyond the plasma from 
this region is impossible (see sections 23, 25). For the latter reason there is no graph 
here of B,,(v)/Binz}, at the first harmonic for an extraordinary wave. 
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Fic. 142. The same as Fig. 141 forthe Fic. 143. Parameter B,, as a function 
third harmonic (s = 3)(Zheleznyakov, of v for an extraordinary wave at the 
1964a) second harmonic (s = 2) (Zheleznya- 

kov, 1964a) 
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Fic. 144. The same as Fig. 143 for the third harmonic (s = 3) (Zheleznyakov, 
1964a) 


bining with magnetic-bremsstrahlung absorption, increases the resultant 
value of 4). As a rule these inequalities are found to hold well in cosmic 
conditions. 


GYRO-RESONANCE ABSORPTION IN THE SOLAR CORONA 


First of all let us compare the coefficients of bremsstrahlung and gyro- 
resonance absorption in the corona. To do this it is convenient to use the 
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formulae (26.117) and (26.118), which are valid with small values of the 
parameter v. It follows from them that, roughly speaking, the coefficient 
of magnetic-bremsstrahlung (gyro-resonance) absorption (Ginzburg and 
Zheleznyakov, 1959a) of ordinary (s = 1) and extraordinary (s = 2) waves 
with angles æ ~ | is 
2s 

Mant ~ Bins Mysore BE, (26.120) 
SO fy s=2 ~ Hy,sa,- AS has been explained earlier, this is caused by the 
weak emission of electrons at the gyro-frequency in a magnetoactive 
plasma. The estimates given for the value of u relate to the region of 
frequencies within the absorption line (w—sw,)? S œf? cos?a; at the 
edges of a line, i.e. in the region (w—sw,,)? >> *f2, cos? æ, the coefficient 
lys decreases very rapidly (exponentially) as (w—sw,,)? rises. At thg same 
time the coefficient of bremsstrahlung absorption connected with collisions 
with v « 1 and (1 F 4/u cosa)? ~ 1 is 
Wet 

c 


CO! 


Hj 


~ 





(see (26.69) and (26.97)). 

These estimation formulae are sufficient for us to be sure that in the 
conditions of the solar corona the absorption coefficient at the lower 
harmonics in the resonance regions w ~ sw, is far greater than the co- 
efficient of absorption due to collisions. In fact for the first and second 
harmonics y,, ~ (w/c)vB,, and therefore 


Lage. n oh (26.121) 


In the solar corona (for vem ~ 10 sec~1, By, ~ 1072) this ratio is very 
high—of the order of 6X 105 at a frequency of œ ~ 27X10® sec™} (the 
metric band); at higher frequencies it is still greater. 

This circumstance, to which attention was drawn by Zheleznyakov 
(1959a), Ginzburg and Zheleznyakov (1959a), points to the very significant 
part played by resonance absorption in the total absorption of the coronal 
plasma in the radio band (when there is a strong enough magnetic field). 
The latter has a noticeable effect on the nature of the propagation in active 
regions of the corona and the amount of emission from these regions: as 
will be shown in section 29, the effective gyro-resonance emission and 
absorption play an important part in the solution of the problem of the 
origin of the slowly varying component of the solar radio emission. 

At the same time when calculating resonance absorption in the solar 
corona it should be remembered that the magnetic field there is non- 
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uniform (in particular varies with altitude, etc.; see section 2); therefore 
the nature of the frequency dependence of the absorption will differ from 
the case of a uniform field Ho in which the absorption spectrum of the 
plasma consists of a series of discrete lines at frequencies w ~ sw,,. When 
the distribution of the field in the plasma is sufficiently non-uniform the 
absorption spectrum is smoothed out; however, now gyro-resonance ab- 
sorption at a given frequency will not occur throughout the plasma (as 
in the uniform case), but in local layers where the magnetic field strength 
satisfies the relation w ~ sw,, = seHo/mc. 
The optical thickness of the layer is obviously 


Ts = Í mys dl, (26.122) 


where dl is an element of length of the line along which the emission is prop- 
agated through the layer, the emission corresponding to a wave of the 
jth type (ordinary or extraordinary); the energy coefficient of gyro-reso- 
nance absorption u, is given by the formulae (26.109) and (26.110). Since 
the value of u, at the frequency w in regions of the plasma where z} >> 2 
(26.111) is exponentially small, most of the contribution to the integral 
(26.122) is made by a thin layer located near the resonance level œ = sw,. 
The thickness of this layer L,, is easy to estimate if we remember that in 
this layer z}; = (w—sw,)?/w°Bi, n; cos?a S 2. If Le < Ly, where Ly is 
the characteristic distance over which there is a significant change in the 
magnetic field’s strength along the ray, then the function w,(J) can with 
sufficient accuracy be considered linear within the resonance layer.t Then 
obviously (Ginzburg and Zheleznyakov, 1959a) 


Lis ~ 2/2 bany JETE = 2V2 La bmn; cosa]. (26.123) 
H 
a 
In changing to the last equation it is taken that w,|dI/dw,,| = Ly. 
From equations (26.120) and (26.123) we obtain the following estimates 
of the optical thickness of the gyro-resonance levels Tj, ~ u,,L,, (with 
n,~ 1, cosa ~ 1): 


s254/2 w 2 

Tj s=1 ~Y Hs, Use2~ Gag? o l a? Ly. (26.124) 
In the solar corona with fin ~ 1072, Ly ~ 10% cm at a frequency of 
w ~ 227X108 sec™t, t 521 ~ Tps=2 ~ 105; Tsaa ~ 100; Ts ~ 
1071v, etc. Although these estimates are rough they leave no doubt 
that gyro-resonance absorption in the corona with v that are not too small 


+ In the conditions of the corona with f,, ~ 107? for regions where 7y < 1 the linear 
approximation of w,(/) is fully justified: L}, S$ 3X10-"Z,. 
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causes very sharp attenuation of electromagnetic waves of a frequency œ 
passing through levels w ~ wy, ©% ~ 2m, and w ~ 3m, in a direction 
æ ~ 1. This attenuation, of course, shows up only in active regions of the 
corona with a strong enough magnetic field: the harmonics s = 1, 2, 3 at 
frequencies œ ~ 2X 10® sec! correspond to fields of Ho ~ 12-36 oe; at 
higher frequencies the values of Ho should be even greater. At the same time 
the overall field of the Sun is characterized by a strength of Ho ~ 1 oe. 
For more effective calculation of the optical thickness of the gyro- 
resonance levels in a plasma with a non-uniform magnetic field we must 
substitute the expression (26.109) for x, in (26.122) and integrate with 
respect to the resonance layer along the ray /. As a result we obtain: 


s5 w 
Tis © V 2a- Bin Bjs Ly |cos | cos ð, (26.125) 


where at harmonics s = 2 the parameter B,, is given by the expressions 
(26.113). In the case of quasi-longitudinal propagation when B,, is com- 
paratively simple in form (see (26.116)) 
ss foo, o(1++/ucos a) 1~* =, 
2s+1 5! [e one a hı- l—u = sapa 2 Ly 
X (1 cos æ)? sin?>-2 æ cos #. (26.126) 

If in addition v « 1, we can consider in (26.126) that the values of the 
quantities n,, [1 —v(1++/ucos«)(1—u)—!]~! and cos ò are equal to unity. 

In a resonance layer corresponding to the first harmonic s = 1 the para- 
meter B,, in the region zł ~ 2 is known only in order of magnitude. 
Here, therefore, we can give only an estimate of t,, by substituting the 
expression for B,, in the form (26.115) in (26.125). With v < 1 we can use 
(26.118) by substituting zi ~ 2 there; as a result we obtain that 


(1 +2cos? «)? 
(1+ costa)? 7 


Ts TX 


ta ~a = v B%, sinta (26.127) 
This estimate holds with v that are not too small when the criterion 

(26.65), in which z2, ~ 2 is also put, is satisfied. Then this criterion 

becomes v > fn [cos «|. In the case of v < fin |cos«| the optical thick- 

ness of the gyro-resonance layer s = 1 is the same as in a vacuum: 

T w 


4c v(l +cos a)? Ly. (26.128) 


tA = 

It is curious that this quantity does not in general depend on the kinetic 
temperature. 

By using (26.125) and the values of the parameter B, in the graphs 

of Figs. 140-4 we can make a more accurate estimate of the optical thick- 
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ness T), of gyro-resonance levels in the solar corona. Putting for the sake of 
argument v ~ 0-3, fn ~ 1072, Ly cos Ò ~ 10% cm and œ ~ 27108 sec™! 
(the metric band), we obtain the values of t,, given in Table 5. Similar 
information on t,, in the centimetric and decimetric wavebands are given 
in Table 6 (section 29). It is obtained for values of v << 1 using the for- 
mulae (26.126), (26.127). 


TABLE 5 


t, (extraordinary 


wave) T (ordinary wave) 


Harmonic | H, oe |__|] 
a = 30° a = 60° a = 30° a = 60° 


1 36 ~1-8X10? | ~1:3X104 
2 18 1-3 104 3-8X104 2-4X10 62x10? 
3 12 1:5 1-210 6-0X10-3 5-3X107! 


A comparison of the approximate values of t,, given earlier witha ~ 1 
with the more accurate data of Table 5 for angles « = 30° and æ = 60° 
shows that the expressions (26.124) correctly describe t,, in order of mag- 
nitude when extraordinary waves pass through a gyro-resonance layer. 
For ordinary waves, on the contrary, the estimates from the formulae 
(26.124) are one or two orders too high. 

It is clear from Table 5 that gyro-resonance absorption of extraordinary 
waves in the solar corona shows up chiefly when passing through layers 
where œ ~ 2w,,, 3@yt: in these layers t,, 2 1. Absorption of ordinary 
waves in regions œ ~ sw,, proceeds less effectively, which in the end is 
connected with the predominance of the extraordinary component in the 
magneto-bremsstrahlung of a weakly relativistic electron. Therefore under 
the conditions of the solar corona the absorption of an ordinary wave is 
significant only at the first and second harmonics (i.e. in layers where 
O = Wy, O ~ 20y); at the third harmonic, unlike the extraordinary 
component, it becomes relatively weak. A similar situation also holds in 
general in the centimetric and decimetric wavebands (see Table 6). 

It should be noted, however, that gyro-resonance absorption plays this 
kind of significant part in layers corresponding to low harmonics only 
at angles æ between k and Ho which are not too close to zero, since t}, > 0 


when« — 0, as sin**—? for an extraordinary wave and (1— cos æ)? sin*—? æ 


+ The w = wy is not being discussed since an extraordinary wave cannot escape 
from it beyond the corona without preliminary transformation into a wave of the 
ordinary type (see sections 23, 25). 
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for an ordinary one (see the formula (26.126), which is valid with the quasi- 
longitudinal propagation). According to the latter the range of angles « in 
which the resonance layer s = 2 becomes transparent can be determined 
from the condition æ < «,,, where the critical angle «,, at which t,, = I 
is given by the following expressions: for extraordinary waves 


a SF 2a 
ua V L (m) as (26.129) 
SB \n1 \ns?oLyv g 
/ 


o=s0g 





for ordinary waves 


7 1\ 
_ V2/ 1 (4s! Bank) N 26.130) 
Acr © G (Lpi) z A ( ) 


SBin Ng ToL yv 


Here we have allowed for the fact that with small æ, sina ~g, 1 +cos æ ~ 2, 
1—cos a ~ a#?/2 and cos ù = 1. 

In the corona with  ~ 27X 10° sec™1, v ~ 0-3, n; ~ 1 and the values 
taken above for Ly, By, for the extraordinary component «,, ~ 4X 1075 
(s = 2) and æ ~ 0-35 (s = 3). For the ordinary component a,, ~ 0:14 
(s = 2); estimates of the value of the transparency range at the first har- 
monic by means of the expressions (26.125) and (26.115) lead to the value 
Zer ~ 64x 1072. 

If the emission incident on the layer œ ~ sw, has a broad angular 
spectrum (let us say within the solid angle ~ 27x), then directional emission: 
concentrated in the solid angle 22 ~ na, will leave the layer; the energy 
flux connected with this emission is obviously a fraction 2/2z of its original 
value. For the estimates of «,, given above the ratio 2/2x ~ 1075 (s = 2), 
Q/2n ~ 6X 10-2 (s = 3) in the case of an extraordinary wave and 2/22 ~ 
21073 (s = 1), Q/2x ~ 107? (s = 2) in the case of an ordinary wave. 
These values allow us to judge the extent of the effect of gyro-resonance 
layers on the escape of radio emission beyond the solar corona: the extra- 
ordinary component leaves without noticeable attenuation only the regions 
of the corona which are located above the level œ ~ 3wy; the attenuation. 
becomes significant when radio emission is being propagated from the 
deeper-lying layers, whilst escape from regions lying below the layer 
w = 2, proceeds with low efficiency. For the ordinary component notice- 
able attenuation shows from the œw ~ 2m, level onwards; escape beyond 
the corona is actually limited by layers above the œ ~ wz, level. 

We recall that all the estimates made above relate to the metric band; 
the corresponding data on the gyro-resonance absorption in the corona 
at centimetric and decimetric wavelengths are given in section 29, where 
they are also used in interpreting the slowly varying component of the: 
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solar radio emission. Absorption in the gyro-resonance layers of plane- 
tary ionospheres is discussed in section 32 taking Jupiter as an example. 
There is also a discussion of the part it plays in ensuring the directional 
nature of the sporadic Jovian radio emission. 

In conclusion we should say that from a known optical thickness 
tj, it is easy to find the intensity J, of magnetic bremsstrahlung or the 
effective temperature T,, connected with it of the gyro-resonance layers in 
the coronal plasma. The problem is simplified because of the small (as a 
rule) extent L,, of the gyro-resonance layers along the ray when compared 
with the characteristic size at which the electron concentration and kinetic 
temperature T change. (This circumstance has already been used earlier 
in finding the quantity T;,.) Therefore the values of I, and T,g can be 
determined by the simple formulae (26.13), (26.18); it follows from them 
that with optically thick (t; > 1) gyro-resonance layers corresponding to 
low harmonics is connected emission which has an effective temperature 
Tæ ~ T. However, in the directions « < «,,, where T; < 1, the value of 
T 4 becomes less than T; in the range t,, < 1 it is equal to Tr,,. A similar 
condition also occurs at higher harmonics where t,, «< 1 for any direc- 
tions z. 

If the change in the magnetic field is so small that the thickness of the 
gyro-resonance layer is L,, > L (L is the size of the plasma localization 
region), the plasma can be considered uniform. Then the frequency spec- 
trum of the magneto-bremsstrahlung in a plasma is of the nature of 
“lines” which disappear only at high harmonics because of overlapping 
of the lines. The features of the gyro-frequency emission from a uniform 
plasma have been discussed by Stepanov and Pakhomov (1960), and by 
Trubnikov (1958), Trubnikov and Bazhanova (1958). (The results of the 
latter relate only to a strongly rarefied plasma in which with sufficient 
accuracy n, = 1). Under solar conditions, however, it is highly unlikely 
that the inequality L,, >> L is satisfied. This can be seen particularly well if 
we imagine it slightly differently by means of the formula (26.123): 


one) 





—_= | < n,| COS a 
Ho On al Bun | I, 








where A Hp is the change of the magnetic field in the region occupied by the 
plasma. 

Magneto-bremsstrahlung (synchrotron emission) from an equilibrium 
relativistic plasma, as far as we know, has not yet been discussed by anyone; 
generally the case is discussed when the energy distribution of the electrons 
is exponential. The results of this can be found in the papers by Stepanov 
and Pakhomov (1960), Trubnikov (1958). 


458 


§ 27] Emission, Absorption and Amplification 


27. Emission, Absorption and Amplification of Electromagnetic 
Waves in a Non-equilibrium Plasma 


THE KINETIC EQUATION METHOD AND THE EINSTEIN COEFFICIENTS METHOD. 
THE PROBLEM OF WAVE AMPLIFICATION AND INSTABILITY IN A PLASMA 


If the particle distribution in a plasma is not an equilibrium one, then 
the change in the emission intensity along the ray in the majority of cases. 
can be described as before by the transfer equation (26.4). Just as before, 
the intensity of emission from a uniform layer of thickness Z will be 


I= atl —e-4L) 4 Tyg e-L (27.1) 
j 


(Jo is the intensity of the emission incident on the layer); in the case when 
#; > 0 and the dimensions of the emitting system are large enough 
(L > uj) 

y=, (27.2) 

Bj 

However, the expressions for the emissive power a; and the coefficient of 
absorption u; will now be different from those in an equilibrium medium ; 
in particular the connection between them is no longer defined by the 
Kirchhoff law (26.8). 

As well as the necessity of finding the quantities a, and u; the question 
arises of the limits of applicability of the transfer equation in the condi- 
tions of a non-equilibrium plasma; the method of the kinetic equation 
with a self-consistent field is of considerable help in the solution of this 
range of questions. 

As applied to a plasma this method is based on the system of electro- 
dynamic Maxwell equations (22.1) and the Boltzmann kinetic equation for 
the distribution function /(R, p, t) (see, e.g., Silin and Rukhadze, 1961, 
section 10, and Sommerfeld, 1955, section 41): 

of 1 

a+ Vorf—e (E+, imn) Z f+J =0. (27.3) 
Here e is the value of the charge of particles with a velocity V and a mo- 
mentum p, E and H are the strengths of the electric and magnetic fields, J 
is the so-called collision integral which describes the change in the distri- 
bution function because of close collisions between particles. The distri- 
bution function characterizes the density of the particles at the point R. p 
of the phase space at the time ft, so the number of particles in an element 
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dR dp is dN = f(R, p, t)dR dp and the concentration of particles of the kind 
under discussion in the plasma is N = f fdp. 

The equation (27.3) is written for the case of negative particles (electrons) 
in a form that is also valid at relativistic velocities; there is also a similar 
equation for the positive ions. For reasons given in section 22, however, 
we shall consider the motion of the ions (their distribution function f,) to 
be given;t therefore they require no kinetic equation. We notice finally 
that the current and charge densities figuring in the Maxwell equations can 
be expressed in terms of f(R, p, t) by the relations 


j=—e[Vfdp+eNVi, ọ=-—e | fdp+eN; (27.4) 


{compare with (22.3)). 

The kinetic equation allows more closely for the thermal motion of the 
particles in the plasma than the quasi-hydrodynamic equations (22.2); 
therefore its applicability is far broader when studying processes in a 
plasma. 

The equation (27.3) is non-linear which makes its solution very difficult. 
For weak electromagnetic perturbations, however, it can be linearized 
in just the same way as was done for the equations (22.2). We put the 
‘distribution function in the form f = fo+f', where fo is the unperturbed 
distribution function that obeys the equation 

fo 1 

3 + Vonfo-e (Eog (Ha) Vufot Jo = 0, (27.5) 
and f’ is a small correction to fo connected with the wave field E’, H’. The 
linearized equation for f’ is of the form 


pas Vosf'—e (E+ Hal) vf = (Ete var) Jafo- J'. (27.6) 
Here Eo, Ho are the stationary or quasi-stationary electric and magnetic 
fields in the plasma; below the field Eo will not be taken into consideration. 
The part of the collision integral J’ that acts on f” if fo is a Maxwell func- 
tion can be written approximately as J’ = »(V)f’ (x(V) is the number of 
‘collisions of an electron having a velocity V with other particles); in the 
rest of the cases the form of J’ is very complex. For simplification of 
notation the primes on the variables connected with the electromagnetic 
perturbations E’, H’ will be omitted in future. 

The dielectric permeability tensor ¢,,(@, k) of a non-equilibrium uniform 
plasma without allowing for collisions (J’ = 0) can be found conveniently 


+ The only exception being that discussed in the last subsection of this section. 
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by using the equation (27.6) as follows (Shafranov, 1958; see also Sagdeyev 
and Shafranov, 1959). Instead of the independent variables R, V we intro- 
duce the new ones Ro, Vo, determining the connection between them from 
the equations of the unperturbed motion of individual particles: 








TO = V(t), Ro = R(t = 0), 
dolt) z (27.7) 
a -7 VO Hol, Vo = Vit = 0). 
In the new variables (27.6) can be written in the form 
7 =e { E(R(t), n+} [Vt)H(R(t), o} Van fo- (27.8) 


Provided that f approaches zero when t > — œ its solution will be 
t 
1 x 
f= e | (ERO, D+ ORROD] vand. 19) 


We can find the tensor ¢,(@, k) if in the relation (22.12), which allowing 
for the equality D = E—i(4x/m)j is written in the form 


Eii Zj = e(@, Es (27.10) 


we know the expression for the current j in terms of the components E,, 
E, of the electric field of a monochromatic wave E = E,e'—*®, This 
expression is easy to determine from (27.9) if we remember that, as follows 
from the second Maxwell equation (22.6), the magnetic field of a wave is 
H = (c/w) [KE]: 


j({R, t) =—e f Vif dpo = — eE zei- RO f dpo 


t 


~ EE kV,At) afo kV fo 
io(t—t)— ik [R(1)—R(t)}] a ZAT - 
x Í e [ van f(ı ) 5 at eG) Jar 


(27.11) 











By making the replacement of the variable 7 — = t—7 we obtain in 
(27.11) an integral with respect to & in constant limits from 0 to œ. This 
integral with any distribution function f should obviously not depend on ¢ 
as on a parameter since the function of the change in the current j, in 
time (which is the same as the corresponding dependence of the field E, 
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on £) is already contained in the factor in front of the integral. It is clear 
that the integrand does not depend on ¢ either, which now can be selected 
arbitrarily. Let = &; then we obtain from (27.10), (27.11) that the tensor 
€,(@, k) in a relativistic plasma is defined by the relation 





oo i 

ne? —iot+i f kV) dt 

eo, k= but Di | dpo | vae 8 
0 





x (1-4 To, EY et fo] ys, (27.12) 
@ po: @ OPo 


Here summation is carried out with respect to kinds of particles which have 
unperturbed distribution functions fo; po and Vo are the momentum and 
velocity of these particles at the time t = 0, V(r) is the velocity of a particle’s 
unperturbed motion as a function of time. In an isotropic plasma V(t) is 
the velocity of uniform and rectilinear motion and in a magnetoactive 
plasma V(t) is the velocity of helical motion with |V | = const. 

We recall the expression (27.12) is obtained provided that f > 0 if 
t +— œ. This obviously means that the wave rises in time, i.e. Im œ < 0. 
For damped waves (Im œw > 0) the tensor ¢,(w, k) can be treated as an 
analytical extension of (27.12) into the upper half-plane a. 

Substitution in (22.14) of the dielectric permeability tensor calculated 
by means of (27.12) for a plasma with a given velocity distribution fo of 
particles will give the dispersion equation for this medium; this defines 
(for a wave being propagated in a fixed direction k/k) the connection 
between two complex quantities: 


o= Reow+ilmo, k = Rek+ilmk, 


or, what is the same thing, between the four real variables Re ow, Im øw, 
Re k, Im k. This connection becomes definite if we can find the frequency 


w = i(k) (27.13) 


from a given k or, contrariwise, the wave number 
k = 92(o) (27.14) 


from given œ. The original values of w and k, generally speaking, are also 
complex; however, in the majority of cases depending on the statement 
of the problem we start either from real k and find complex w by means of 
(27.13), or from real w and find complex k from (27.14). 

When we interest ourselves in the problem of the stability of electro- 
magnetic perturbations (i.e. the problem of the change in the energy of 
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these perturbations in time £(t)), we must obviously operate with real 
values of k, considering that Im k = 0. In actual fact the question of the 
stability of a uniform plasma relative to high-frequency electromagnetic 
perturbations is put as follows. At the initial point in time let the plasma 
be perturbed from a state of equilibrium, i.e. a local perturbation appears 
in it (of fluctuation origin for example) with an electrical field that can be 
expanded into a Fourier integral in real values of k: 


E(R,t =0) = Í gi(kje~*® dk. (27.15) 


Then at the succeeding points in time each Fourier component will be a 
normal wave in which w is connected with k by the dispersion relation 
(27.13).t Then 


E(R, t) = f g:(k)e*!—#® dk, w = p(k), (27.16) 
where, as follows from Fourier integral theory (Titchmarsh, 1937), 
flEPav = f |gi\e-* dk. (27.17) 


Here dV is an element of volume of the plasma. 

Noting that the integral on the left is proportional to the perturbation 
energy &, we come to the conclusion that the nature of the function £(t) 
is determined by the magnitude and sign of Im œ. Namely, & > 0 with 
t + œ if with all k for which gı # 0 


Imo > 0. (27.18) 


This means that the plasma is stable relative to perturbations containing 
normal waves with the above values of k. On the other hand & will rise 
without limit with £ + oof if among the values of k for which gı # 0 we 
can find a region where 

Imo < 0. (27.19) 


The latter is a sign of the plasma instability relative to the perturbations 
which are made up by waves from the region indicated. 

A more detailed study of the behaviour of the field (27.16) in space and 
in time allowed Sturrock (1958) to divide instability and stability into two 
clear-cut types—convective and absolute.§ This classification is carried 


t It is assumed for simplicity here that the function œ = 9,(k) is unambiguous, i.e. 
in a plasma only normal waves of one type exist. In the opposite case in (27.16) we must 
carry out summation with respect to different types of waves. 

t In the linear approximation; actually this rise will be limited by non-linear effects 
which will be discussed below. 

§ In hydrodynamics this division was made earlier by Landau and Lifshitz (1953, 
section 29), 
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out as follows. Let the function g,(&) have a sharp peak with k = ko and 
be negligibly small a long way from ko. Then the field (27.16) describes a 
packet in space in the sense that for all infinitely great R the field E becomes 
zero.t If the packet in space is at the same time a packet in time as well, 
i.e. if it can be put in the form 


E(R, t) = | go(w)e"-** dw, k = paw) (27.20) 


with real w and limited values of g2(w)e~"*, then by definition we are 
dealing with a convective type of instability or stability; in the opposite case 
the instability or stability will be absolute. 

The difference between convective and absolute instability is well illus- 
trated in Fig. 145 a, b where in the plane ¢, z (z is the coordinate read 





$ El--- 


Va 
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Fic. 145. Lines of equal field strength on the plane z, t: (a) packet in space 

is at the same time a packet in time (convective stability and amplification); 

(b) packet in space is not a packet in time (absolute instability); (c) packet 
in time is not a packet in space (disappearing waves). 





along ko) are plotted the lines of equal field strength |E(z, t)| = const. If in 
the system of finite size we have the case of convective instability, then 
the system can remain in a stationary state even with the presence of small 
chaotic perturbations since these perturbations are carried away from the 
region of their appearance as they rise. With absolute instability of the 
system the position is different since the amplitude of any perturbation 
will increase steadily in the region where it appeared; it is also possible 
that at the same time it will gradually embrace the whole system. The 
process of the system coming out of equilibrium will take place in an 
extremely non-stationary manner. 


t The latter follows from Riemann’s lemma (Titchmarsh, 1937), according to which 
+o 
the function ¥(z, t) =f vk, the-™ dk + 0 with z > + œ if p(k, t) is limited for all 


real values of k. 
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We note further that the contours |E| = const for convective and ab-. 
solute stability will be similar to those shown in Fig. 145a, b if we change 
the time axis to the opposite direction. Here the convective and absolute. 
types differ in that the equilibrium state of the system is established after 
it has been upset by the action of some perturbation: in the first case a. 
perturbation with a decreasing energy is carried out of the region where it 
appears, and in the second it is damped where it has appeared. 

Unlike the problem discussed above of the conditions and types of 
stability and instability in which we had to take Im k = 0, for the problem 
of amplification and absorption (i.e. the problem of the variation in the 
emission intensity in space J,(R))t another way of stating the problem is. 
reasonable—the assumption that Im w = 0. This condition must obviously 
be used when finding the absorption coefficient 


By =—2 Im k cos ® (27.21} 


for emission with given spectral characteristics; a knowledge of this coeffi- 
cient is necessary when studying the transfer equation (26.4). 

In the case Im w = 0, Im k # 0 we can once again divide the waves 
into two types in a similar way to that done above for waves with Im k = 0, 
Im @ # 0. Here we shall proceed from the expression for E(R, t) in the 
form (27.20), assuming that go(w) is a sharp function with a maximum. 
when œw = wo and is limited together with ¢2(m) for all values of œ. Then: 
in accordance with Riemann’s lemma (27.20) will be a time packet. If this 
packet in time is also a packet in space (i.e. if it can be written in the form 
(27.16)), then a wave of frequency wo is called amplified or absorbed de-. 
pending upon whether it rises or falls in the direction of the group velocity- 
vector dto/dk, i.e. depending on the sign of u,. If the time packet cannot be 
shown as a spatial packet the corresponding wave is called disappearing. 

It is easy to see that for amplified waves the lines of equal field strength 
in the plane z, ¢ will be the same as for convectively unstable waves (see- 
Fig. 145a); likewise the contours for absorbed waves are the same as the- 
contours of convectively stable waves. The close connection of amplifica- 
tion with convective instability and of absorption with convective stability: 
is clear from this and the definitions given above. On the other hand, the 
lines of equal field strength for disappearing waves (Fig. 145c) differ sharply: 
from those shown in Fig. 145a, b. 

A special investigation is needed for classifying the waves in each indi- 
vidual case, since the possibility or impossibility of changing from the. 


+ As applied to an equilibrium plasma this question has been discussed in section 26, 
largely on the basis of Kirchhoff’s law, it is true, and not by the cumbersome kinetic 
equation method. 
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field representation (27.16) to the representation (27.20) depends on the 
actual form of the dispersion equation. The appropriate ways of solving 
this question can be studied in the papers of Sturrock (1958) and Fedor- 
-chenko (1962). An obvious, but far from simple method of classification is 
the study of the behaviour of the integrals (27.16) and (27.20) with infi- 
nitely great values of ¢ and R (Landau and Lifshitz, 1953, section 29).t 
If E(R, t) (27.16) approaches zero when |t| > œ, then the plasma stability 
or instability is convective; in the opposite case it will be absolute. In just 
the same way, if E(R, t) (27.20) becomes zero with |R| — œ, then the 
waves are amplified or absorbed; if it does not become zero the waves are 
disappearing ones. 

Unfortunately the question of the classification of waves in a plasma 
with different actual velocity distributions fo(V) of the particles is insuffi- 
ciently studied at present, although there is reason to suppose that the 
waves being studied below belong to the amplified (u, < 0) type and ab- 
‘sorbed (u; > 0) type or, what is the same thing, to the class of perturbations 
which have convective instability and stability.t Outside our field will 
remain disappearing waves, an example of which are electromagnetic and 
plasma waves in the region n? < 0 and also waves having absolute instabil- 
ity. The part played by the former in cosmic conditions is clearly small; thẹ 
latter may be more significant in the generation of certain components of 
the sporadic radio emission and their investigation would be highly desir- 
able. 

As is clear from the above the transfer equation method can be applied 
-only to amplified and absorbed waves. The emissive power of the plasma 
a, contained in this equation is calculated from the usual formulae for the 
emission intensity of individual particles by averaging this quantity over 
the distribution function fo(V). (Calculations of this kind for an equilib- 
rium plasma have been carried out in section 26.) On the other hand the 
absorption coefficient in the transfer equation can be found if we know the 
dispersion equation for the waves in the plasma by means of the relation 
(27.21); here the dispersion equation is found by the kinetic equation 
method and in certain special cases by the quasi-hydrodynamic method. 
In section 26, however, we were able to be certain that weak absorption 
(A Im k < 1) in conditions of equilibrium velocity distribution is easier to 


+ Actually the behaviour of these integrals at infinity does not depend on the actual 
form of the functions g,(k)e"*", g.(w)e if they are analytical. Therefore in the 
investigation we can consider these functions to be unit ones and examine the integrals 
Jet? dk with |t| + œœ and fe~/992@)R dw with |R| + œ. 

t Data on the classification of waves in a plasma for certain forms of the function 
JaV) are given by Sturrock (1958, 1960), Fedorchenko (1962), Fainberg, Kurilko and 
Shapiro (1961). 
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obtain from a known emissive power a, by Kirchhoff’s law. In a non- 
equilibrium plasma the so-called Einstein coefficients method can be con- 
veniently used for this purpose. 

The starting point in this method is the concept of emission quanta in 
a medium with an energy fiw and a momentum hk, = (tw/c)n,(, s)s, 
where # is Planck’s constant, œ is the frequency, k; = k;s is the wave 
vector, c is the velocity of light in a vacuum, n, is the refractive index of a 
type j wave being propagated in the medium. According to Einstein’s 
quantum theory the interaction of an emission field and a system consisting 
of non-coherently emitting centres with two levels (m) and (n)t is charac- 
terized by three elementary processes: spontaneous emission, “true” ab- 
sorption and stimulated emission. If the number of quanta emitted in 
1 sec in a range dw and a solid angle dQ with transitions of particles from 
the state (m) to the state (n) is N „4%, dw dQ (spontaneous emission) and 
N B70; deo dQ (stimulated emission) and the corresponding number of 
absorbed quanta is N„Bxo; dw dQ, then it follows from the conditions of 
balance between these processes in a state of equilibrium that the Einstein 
coefficients A”, B7, and B? are connected by the following relations 
(Ginzburg and Zheleznyakov, 1958b):+ 


Br Am _ nho? O(wny) 
B} ° BE (2n ôo 





(27.22) 


Here Nm N, are the numbers of particles in a unit volume in the states 
(m) and (n), o; is the emission density. 

It must be stressed that the relations (27.22) that are characteristics of 
the actual emission centres are also valid in the absence of thermal equilib- 
rium, although it is also introduced for finding the connection between 
Am Brand B”. This is not really necessary since the equalities (27.22) 
can also be obtained by another method (Heitler, 1956, section 17). 

The absorption coefficient of the system under discussion is determined 
by the difference between the numbers of transitions accompanied by the 
processes of “true” absorption and stimulated emission (see Ginzburg and 


t When we say the particle has only two states we have in mind only the energy 
levels between which transitions are connected with emission and absorption at a given 
frequency. 

ł Finding the relations (27.22) in a medium with a refractive index n, does not in 
principle differ in any way from the corresponding derivation in the case of a vacuum 
given, for example, by Blokhintsev (1961, section 5); we only need to remember that 
the expression for the equilibrium emission density ọ{” becomes different in the medium 
(see (26.6) and Landau and Lifshitz, 1957, section 91)). 
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Zheleznyakov, 1958b; Zheleznyakov, 1959c): 


N, 
» 873c? (e!) 
= l _ ho (NnBr'ej—NmBrOs) L gay Nm} Icos | 
UET | do snot 
Qj dk, 





(27.23) 


Here AZ, is the change due to absorption of the intensity value over a sec- 
tion of unit length, i.e. the emission energy absorbed in unit time in a unit 
volume: @ is the angle between k, and the group velocity dw/dk,. In the 
change to the last equation we have taken into consideration the relations 
(26.7), (27.22). At the same time the emissive power of the system in the 
direction of the wave vector k, is 


aj = AN mho. (27.24) 


According to (27.3) the absorption coefficient is proportional to the 
intensity of spontaneous emission (i.e. the emissive power a,) and to the 
factor (N,/N,,—1), which depends on the ratio of the number of particles 
in the upper (m) and lower (7) states for which the difference of the energies 
En and & is equal to fw (the energy of an emission quantum), and the 
difference of the particles’ momenta in these states p,, and p, is equal to 
the momentum of this quantum fk,. 

For a Maxwell velocity distribution of the plasma particles (N,/N,,)— 
1 = e&”/*T_1 ~ he/xT (in the region fw < xT of interest to us) and 
therefore the absorption coefficient is 


» 823 c2h 
by = ALN ona Jcos |. (27.25) 





As was to be expected, we find from (27.24), (27.25) that u, and a, are 
connected by Kirchhoff’s law, i.e. the emission intensity of an optically 
thick layer (27.2) is equal to its equilibrium value (26.5). 

It has already beén remarked above that (27.23), (27.24) are valid only 
for transitions between two states of emitting particles. In the case of a 
large number of similar states to obtain the absorption coefficient and the 
emissive power at the frequency w we must sum these expressions over all 
transitions (m) == (n) corresponding to this frequency (Zheleznyakov, 
1959c): 





87e? N, 

= Icos ð A"Nym Fae 1), (27.26 

By w?n? l oxen Nm ) 
ay = ho YARN (27.27) 
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The case 


AnNa ie 1) > 0, (27.28) 
(m) (a) m 

when the absorption coefficient is positive, corresponds to reabsorption of 
emission in the system; the opposite case 


A Nn (x 1) < 0, (27.29) 
(m)=(n) mi 

with which u, < 0, corresponds to amplification of the emission in the 
system. 

The physical meaning of the amplification is as follows. As is clear from 
(27.23), the coefficient u, is proportional to the difference between the 
intensities of true absorption and stimulated emission. Therefore in the 
case u; < 0 stimulated emission processes predominate over true ab- 
sorption so the particle system does not on the average take energy away 
from the emission but, on the contrary, adds it. This is due to the special 
nature of the distribution of the emitting particles with (27.29), when the 
major contribution to the sum over all the transitions corresponding to 
emission of a frequency w is made by particles for which the population 
N,, of the state before the emission of a quantum is greater than the cor- 
responding value for N, in the state into which the particle makes a transi- 
tion with the emission of a quantum fw. Therefore with the condition 
(27.29) emission passing through the system or being emitted by the system 
will be amplified (a rise in the intensity J, in space); if at the same time we 
remember that the absorption coefficient p; is connected with the attenua- 
tion coefficient in time y, by the relation (26.70) it becomes clear that in 
the case (27.29) the electromagnetic perturbations of a fluctuating nature 
existing in the system become convectively unstable (a rise in the energy of 
these perturbations S(t) in time). In other words, the inequality (27.29) 
serves as a Criterion of amplification and convective instability and the 
inequality (27.28) as a criterion of absorption and convective stability of 
the system of emitting particles. 

The following can be said of the limits of applicability of the Einstein 
coefficients method (Zheleznyakov, 1959a and 1959c; Ginzburg and 
Zheleznyakov, 1965). It was pointed out above that it is valid only when 
studying amplification, absorption and the instability and stability of the 
convective type closely connected with these processes. At the same time 
it is clear that calculation of the coefficients x, y; by this method (just as 
finding the emissive power a,) is possible only if the original state of the 
system is non-coherent: this allows us to sum the number of emitted 
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(absorbed) quanta when finding the emitted (absorbed) energy in the sys- 
tem of particles under discussion (see Fain, 1963). 

From the classical point of view an increase or decrease in the amplitude 
of a wave in a plasma can be caused only by a change in the nature of the 
electron motion under the action of the field of this wave, so the original 
non-coherent nature of the electron emission process is violated. Since in 
the classical theory the relation between true absorption and stimulated 
emission is determined by the phase relations between the electrons and 
the passing wave, it can be concluded from this that the Einstein coef- 
ficients method (in the framework of its applicability) is similar to the 
classical treatment of the problem of instability in the linear approxima- 
tion: it allows us to find the criteria for the amplification and instability 
of a system whose original state is non-coherent but, generally speaking, 
becomes unsuitable for treating processes of the rise and establishment of 
coherent emission in an unstable system. At the same time the quantum 
approach (just like the solution of the linearized problem) makes it possible 
to determine the steepness of the rise in the coherent emission—y, at the 
initial point in time, i.e. the derivative of the wave intensity at the time when 
the state of the system is still non-coherent. The same is, of course, valid 
also for the amplification coefficient y,at the original point in space which 
has the meaning of the derivative of the wave intensity along the ray. 

Finally, the Einstein coefficients method can in practice be used only 
for finding comparatively weak amplification and absorption when 
{Im k| < Re k = 2x/A, since it is assumed in this method that emission 
and absorption of particles in the first approximation proceeds in the same 
way as in a medium with Im k = 0 characterized by a known refractive 
index n;. The absorption coefficient u; (27.26), i.e. the quantity Im k (27.21), 
is then obtained as a small correction to the real part of k. It must be said 
that even in the kinetic equation method because of calculation difficulties 
Im k is also found in the majority of cases as a perturbation to Re k. 

The Einstein coefficients method was adduced by Ginzburg and Zhe- 
leznyakov (1958b), Zheleznyakov (1959c) and also by Twiss (1958)t to 
analyse questions of emission, absorption and, what is particularly impor- 
tant, to study the amplification and instability of waves in a non-equilib- 
rium plasma. Later we shall see that quantum representations prove to be 


+ The same method has been used by Trubnikov (1958a and 1958b) for calculating 
the emission from a non-equilibrium system of charged particles in a magnetic field; 
this method has been used (Andronov, Zheleznyakov and Petelin, 1964) to study 
wave instability in a magnetoactive plasma with a complex electron velocity 
distribution (see the end of this chapter). A discussion of the part played by the Einstein 
coefficients method for analysing the problem of amplification and instability has also 
been given by Ginzburg, Zheleznyakov and Eidman (1962) and Ginzburg (1959). 
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very fruitful for these purposes even in the cases when the problem is in 
essence classical and Planck’s constant is not in the final formulae for g; 
and a,.t The quantum treatment of the conditions of amplification and 
instability has undoubted advantages over the classical method of the 
kinetic equation in the sense of simplicity and clarity, whilst the latter far 
from always makes it possible to find without serious calculation difficulties 
the criteria for amplification and instability in an explicit form. This 
justifies the extensive application of the Einstein coefficients method in this 
section, although we shall not, of course, ignore the classical treatment 
where it is necessary. 


REABSORPTION AND AMPLIFICATION OF PLASMA WAVES IN A NON-EQUILIB- 
RIUM PLASMA WITH H, = 0 (QUANTUM TREATMENT) 


We shall now apply the general expressions obtained for the coefficient 
of absorption and emissive power to studying reabsorption (self-absorp- 
tion) of waves by the emitting particles and the emission intensity for a 
number of concrete variants of a non-equilibrium velocity distribution of 
the plasma particles. The choice of these variants is governed by the possi- 
bilities of their occurring in the conditions of the Sun and the planets. 

Starting with the isotropic case (Ho = 0) let us examine the emission of 
plasma waves by a stream of charged particles moving in a plasma (Ginz- 
burg and Zheleznyakov, 1958b). Leta wave of frequency w and with a wave 
vector k(k = (w/c)n3) be emitted in a direction subtending an angle O with 
the vector of the mean ordered velocity V,. By virtue of the Cherenkov 
condition (26.23) this fixes the projection V, = c/n of the emitting par- 
ticle’s velocity V into the direction k. Therefore all of the particles of the 
stream with a given projection V, and with any values of the component 
V , at right angles to k make their contribution to the emission under dis- 
cussion. It is clear from this that in determining y, a significant part is 
played by the form of the distribution function of the plasma particles 
with respect to the projections V,, i.e. f,(V,) = J SV) dV ,, where fV) 
characterizes the distribution with respect to the velocities V. 

Turning to the expression (27.26) for the absorption coefficient we see 
that in our case the ratio N,/N,, is equal to f£,(V®)/f,(V%™), where Vi” 
and V‘ are the values of V, before and after the emission by a charged 
particle of a quantum of emission (plasmon). The difference of the momen- 


+ In the expression for a, this is connected with the fact that in the region fw « & 
(& is the energy of an individual particle) the motion of the particles is quasi-classica] ; 
in accordance with the principle of correspondence, this makes it possible to use the 
classical formulae for the particles’ emission intensity when calculating the emissive 
power of the plasma (27.27). 
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ta of the particles in these states mV — mV is equal to hk = (fw/c)ns— 
the momentum of a plasmon; therefore in the case when the function 
J(V,) varies but little in the range (fw/mc) ng 





(m) TA 
Na f: (r: me ns) hong (3) Pev 
—'= fo x L- -——_ ‘my 3 (27.30) 
Nm f(VE m f (V¥") 


where we can put V” equal to the phase velocity of the plasma waves 
Von = ¢/n3. Substituting (27.30) in (27.26) and remembering (27.27) we 
find that 
df; 
Pe 8x5 Von a3 aVE 
Bs Sm FELA) V= Vp 


The emissive power of the stream ag can easily be found from (26.87) by 
using the expression (26.24) for the intensity of plasma wave Cherenkov 
emission by an individual particle: 


ew 


E 





(27.31) 





a3 = = SVr = Von). (27.32) 


From this we finally obtain the absorption coefficient of the plasma waves 
in the formt 


m=- 4x? e? Vin of; 
3mmV2, OV; n= 





(27.33) 
Von 
In the expressions given the values of the square of the refractive index 
n = e/36%, and the thermal velocity Vn = fmc relate to a motionless 
equilibrium plasma (without allowing for a system of particles creating 
emission and absorption at the frequency w). 


(4) 





Fic. 146. Electron distribution in the stream with respect to the projections 
of the velocity V onto the direction k 


Ve 


t This formula (to be more precise the attenuation coefficient y = 43|da/dk,|) is 
obtained kinetically by Bohm and Gross (1949b) and by Gertsenshtein (1952). 
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Assuming for the sake of definition that in the stream of particles the 
distribution function is of the form (Fig. 146) 





LV) = Ne (sar) exp [- Or | (27.34a) 
tM) = N,( or je exp [- mre (27.34b) 


(T,, N, and m are the temperature, concentration and mass of the particles 
in the stream), we arrive at the following expressions for ag and p3 (And- 
ronov, 1961): 


= oi, ovr, m —(Vpn— V, cos 0)?/2V in, 27.35 
= EEV V © i (aa 
a w, Va -Vpn Vacos AV in, eg 
= | E (Va , (27.36 
Ls 18 OVi Vg, (Vn — Vs cos O)e ( ) 


where œw, = (4ne°N,)/m, Va, = (#T,)/m. 

According to (27.36) for plasma waves with a velocity from the range 
Vin > V,cos O, in which df,/dV, < 0 (region I in Fig. 146), absorption 
occurs (ga > 0). On the other hand, in the range Vpn < V,cos O (region 
II in the same figure) plasma waves will be amplified (us < 0), which can 
be explained by the predominance of stimulated emission processes over 
true absorption. This is quite natural since here because of the positive 
sign of the derivative df,/dV,, the number of electrons in a state before 
emission of a quantum fw is greater than the number of electrons in the 
state into which a particle passes after an act of emission. 

The intensity of plasma waves emitted in region J from an optically 
thick layer is, according to (27.2), (27.35) and (27.36), 


_ m3w*xT, Von 

D= “grea Von— V,cosO ` 23) 
For the majority of the particles in region I, V,,—V, cos 9 = V,—V,cos® 
~ / xT,/m and therefore in a thick layer (Ginzburg and Zheleznyakov, 
1958b) 








2% 
B~ Tex VT: To, (27.38) 


where To = mV3,/x ~ mV? |x with Vpn ~ V,- The effective temperature of 
this kind of emission is T, ~ \/ TsTo. The expression (27.38) in actual fact 
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defines only the lower limit of the intensity of non-coherentt plasma waves 
emitted by a stream of charged particles, since as Vpn approaches V, cos O 
the absorption coefficient decreases, whilst the intensity (27.37) increases 
correspondingly until the optical thickness t3 = aL reaches values of the 
order of unity. At the same time in region J (i.e. at frequencies for which 
Vin—V, cos O < 0) the system becomes amplificatory, the rise in the 
intensity of the coherent emission being limited by non-linear effects (see 
below).t 

We notice that if we take into consideration the Cherenkov and brems- 
strahlung absorption in a motionless equilibrium plasma (through which 
the stream of particles we have discussed is passing), then the resultant 
absorption coefficient will be equal to the sum of the expressions (26.75), 
(26.89) and (27.36). Moreover, with a large enough ratio V2/V?, the second 
term can be completely neglected by taking into consideration in the basic 
plasma only absorption because of collisions (see section 26 in this connec- 
tion). This absorption obviously limits the range of frequencies in which 
amplification occurs; with a low enough concentration of electrons in the 
stream or a large number of collisions in a motionless plasma the plasma- 
stream system in general stops to amplify, i.e. the coefficient ua(w) will be 
positive with any values of œ. 

Here high intensity of non-coherent emission obviously obtains if the 
system is on the brink of instability (amplification). In practice, however, 
this kind of state is possible only in a very narrow range of stream para- 
meters (the values of T,, N, and V,); therefore in the majority of cases in 
cosmic conditions two possibilities occur: either (1) the system of particles 
is far enough from a state of instability (amplification), or (2) it is unstable. 
In the second case as well as non-coherent emission a coherent component 
appears and the question arises of the relative content of the coherent and 
non-coherent components in the emission leaving its generation region. 
This question was put by Ginzburg and Zheleznyakov (1958b) and dis- 
cussed in detail by the same authors (1961); the results obtained come 
down to the following. 

Let us examine a layer of a non-equilibrium plasma of thickness L, 
the absorption coefficient in which (mw) is characterized by the graph in 
Fig. 147. This kind of function 4,(@) is typical not only when Cherenkov 
emission is present in a stream of charged particles penetrating a motionless 

t The emission of a system at frequencies w for which (œ) > 0 will be called non- 
coherent, unlike the coherent emission in the band where amplification occurs («,(w) 
< 0). For the meaning of this terminology see the beginning of Chapter VIII. 

t Laboratory experiments on the generation of plasma waves by streams of charged 


particles can be studied, for example in the papers collected in Ultra-High Frequency 
Oscillations in a Plasma, 1961. 
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plasma, but also in the case of magneto-bremsstrahlung emission in a 
non-equilibrium plasma (see below). The following discussion is therefore 
quite general in nature.t 

K 





(“Wrox 


Fic. 147. Function 4,(@) (schematic) 


According to equation (27.1) the coherent emission flux from the layer 
will be 


S(u; < 0) = f {2 (a -e7514 Iyer4} do, (27.39) 


and the non-coherent emission flux will be 


a* 


S(u; > 0) = f PA —e48)+ Inert} do. (27.40) 
0 


We shall show that the condition 
(— #))max L > 1 (27.41) 


is in practice sufficient for us to be able to neglect the quantity S(u, > 0) 
when compared with S(u; < 0). 

In fact with the condition (27.41) an effective contribution to the integral 
(27.39) is made only by the region of frequencies Aw near the point we 
at which — y,L differs from (— 4;)max/ by not more than unity: outside the 
range Aw the value of the intensity I(w) decreases rapidly (exponentially) 
as œw moves away from wz. Therefore in order of magnitude 

S(uj = 0) ~ | 41 


Cai +o} Pma Ao, (27.42) 
max 


Turning to the expression (27.40) for S(u; = 0), we see that in the range 
(@1, w*) the optical thickness u{@)L varies monotonically as w changes, so 
ot Hj mar L d 
w 
I; do = — I; diu L). 
f j | EAS w L) 
o, 0 


+ The function (w) may of course be also more complex (may have not one, but 
several maxima). This circumstance, however, has no effect at all on the results obtained 
below. 
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Then using the theorem of the mean we obtain: 


ot ~ 14 max Lb 
1~—e—4t 
I do = —4,L ———— ——— Xu, L 
Í J aj d( By L) | By L (uy ) 
— Hj max L — 
do 
-1 -4L du, L) = — a, L —— 
Joro ry au; D) e (u; ) aj dlu; D Alu max L) 
=f, dw _ 40 _ (1 — e- 4 max), (27.43) 
(uj L) 


where 
Alu; max L) = Ei( ~ py max L) +C+In (u max L) (27.44) 


and the sign — indicates that this quantity corresponds to a certain fre- 
quency from the range (a, w*). In (27.44) Ei(— H} maxL) is an integral ex- 
ponential function of the argument — u; marl, C ~0°577 is Euler’s constant. 
In extreme cases 


A(t; maxL) = Hymaxk (Hj max < 1), (27.45) 
A(ttj marl) = C+1n (Hj marl) (Hj max > 1). 


Since a long way from w” a decrease in u; is accompanied, unlike the 
vicinity of œ*, by a decrease in the emissive power a, it is clear that the 
contribution from the range w < w; to S(u, > 0) in order of magnitude 
will not exceed the contribution of the region (w1, w*). Therefore 








S(uj > 0) ~ a = A Hs maxl)+ To L geant). (27.46) 
Here we have allowed for the fact that A an ~ —A'0/ hymaxLs where 
d'o = w— o, anda l» Tigi is of the order of a,, L figuring in the expression 
for S(u, < 0) (27.42). 

By comparing (27.42) with (27.46) it is easy to see that the coherent 
emission will significantly exceed the non-coherent if at the same time we 
can satisfy the inequalitiest 

_ aj 4o elma >, aA’ 
(— yj) max Hj max 

A'w 
Hj maxL ` 





[C+ In (uj maxL)], 





I odwe mex > I, Jo 


t When obtaining these inequalities it was taken into (27.46) that Hyma:L >> 1, which 
can only increase the non-coherent emission flux. 
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They will definitely be satisfied if 


'jmax 


(— Hj)max Aw 
(- H )maxL > In eee {C+In (u; owl} ’ 
: Himax A (27.47) 


l'w 
(— #j)mexL > In ar . 


Since there are logarithms in the right-hand sides it is clear that in practice 
over a very wide range of values of the parameters H; marl, 4’w/4w and 
(— 4) max/H4j max the condition (27.41) is a sufficient criterion for clear-cut 
predominance of coherent emission over non-coherent in a non-equilib- 
rium plasma; according to this the amplification of waves at the dimen- 
sions of the system should be much more than unity. 

The result obtained could, of course, have been foreseen right from the 
beginning since when there is amplification a major part in (27.39) is played 
by the factor e!4!4, which is exponentially great with the condition (27.41). 
However by virtue of the dependence of the ratio S(u, < 0)/S(u,; > 0) 
on other factors it seemed to us good to make more detailed esti- 
mates.t 

It should also be pointed out that in conditions when the coronal plasma 
is convectively unstable the condition (— 1;) ax L > 1 is properly satisfied. 
As an example let us take the case of an isotropic motionless plasma with 
Vin ~ 4X 108 cm/sec (T ~ 10° °K) penetrated by a corpuscular stream at 
a velocity V, >> Vm It is this case which obtains when type III bursts are 
generated in the corona, when V, 2 510° cm/sec (see sections 14 and 
31). Here, as we have already said, the resultant coefficient of absorption 
of plasma waves with Vpn > Va is determined by the sum of (26.75) and 
(27.36), so that â 


Von y n aa _ 8, Vin 
(— 2) max L V3, Ver L+ Ee oVA,Vi,, L. (27.48) 
When writing this formula allowance is made for the fact that at the fre- 
quency corresponding to (— 14;) max the difference is V,,-V,cosO ~—Vy, . 
Putting Vj, ~ Vs ~ 5X10° cm/sec, Va ~ Vig, ~ 410° cm/sec, rg ~ 
10 sec™1, L ~ 101° cm, w ~ 22 108 sec™}, we obtain: 


(— Hj)mar L ~ —3- 10° +6- 104N,. (27.49) 


+ Here no allowance was made for the effect of non-linearity on the intensity of 
emission leaving a non-equilibrium plasma. This non-linearity, which is more significant 
with large intensities, reduces the ratio S(4, < 0)/S(u,; > 0) when compared with that 
given by the formulae (27.42), (27.46). However, it cannot change the criterion 
(—#5)max L > 1, with which the non-coherent component of the emission definitely 
becomes less than its coherent component. 
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This quantity will definitely be much greater than unity if the electron 
concentration in the stream is N, >> 5107? electron/cm, which in all 
probability is always satisfied in the generation region of type III bursts 
(see section 31). We note at the same time that the inequality (— y,;),... 
L > 0, ie. N, > 5X10? electron/cm’, is the condition here where ampli- 
fication in the plasma-stream system appears. 


AMPLIFICATION AND INSTABILITY OF PLASMA WAVES IN A NON-EQUILIBRIUM 
PLASMA WITH Ho = 0 (CLASSICAL TREATMENT) 


-Up to now we have been discussing the question of the conditions and 
magnitude of the amplification and convective instability of a non-equi- 
librium isotropic plasma by resorting only to the quantum method of 
Einstein’s coefficients. Let us now see to what results the classical treatment 
of this problem leads. 

From the classical point of view the instability of a plasma relative to 
perturbations of the plasma wave type emitted by the electron stream is 
connected with the presence in these waves of a longitudinal electrical 
field E. When a weak density grouping of electrons appears in the stream 
with a spatial period the same as the length of the plasma wave the initial 
changes in density under certain conditions will rise because of the action 
of this field. This kind of “bunching” causes gradual amplification 
of the coherent component in the system of Cherenkov plasma waves emit- 
ted by the stream electrons. In other words, this process leads to instabil- 
ity—increase of the plasma waves in the plasma-stream system. 

Let us see how the behaviour changes of a plasma wave of length A 
atid frequency w = kV (see (26.23)) emitted by an individual electron 
when a quasi-neutral stream passes through an isotropic plasma at a veloc- 
ity V,. If we ignore the dispersion of particle velocities because of thermal 
motion, then to describe the process of wave propagation in this system 
we can use the quasi-hydrodynamic method, considering that both the 
motionless plasma and the stream obey equations of the (22.7), (22.8) 
type, in which the electromagnetic fields are connected with each other by 
the Maxwell equations (22.6). 

Limiting ourselves to investigation longitudinal waves (E||k, H = 0) 
we leave only the third equation in the system (22.6). Then, for simplicity 
we assume that the temperature in the stream is T, = 0 and make all the 
variables in the plasma wave proportional to e’~*, arriving at a disper- 
sion relation of the form 


w? oo}, 


evi twa =) (27.50) 


478 


§ 27] Emission, Absorption and Amplification 


in which , and œ; are the natural frequencies of the oscillations of the 
plasma and the stream of particles. In order to find the explicit expression 
for the frequency w(k) with real values of k we put œ = wo+6, where 

wo = kV, is the frequency of the Cherenkov plasma wave without allowing 
for the stream (ot, + 0); the values of wo and k are connected with each 
other by the dispersion relation œw% = œ} + V2 k? (22.16). Then (27.50) is 
reduced to the equation 

[w+ 5)? — V2, k?] 6? = w? +o? [o+ 6)?— Vi k*]. 

Taking w{, (i.e. N,) to be a small quantity we can find from it the fre- 
quency œ close to wo (i.e!ô < Wo). Bearing in mind that in this case when 
w}, approaches zero the ratio wf /6? = wf, /(@—kV,) should also approach 
zero (see (27.50)) we obtain 63 = (ww; )/2kV,, and therefore the frequency 
of a plasma wave with the stream taken into consideration ist 


3 2 \M3 2 1/6 
o x kVscos0 + V1 (22t) (1-A) . (27.51) 


3 
In this expression 4/1 = 1 and (— 1 +i4/3)/2, so of the three solutions for 
plasma waves with a frequency w ~ kV, one corresponds to a wave increas- 
ing in time. The extent of the rise decreases as the angle © between k 
and V, decreases. The corresponding expression for the wave number k 
obtained with real values of the EY œw will be of the form 


— Ot, w? z4 
Ea y, cab = (<p V2V, cos ) i (27.32) 


When trying to find the conditions of wave amplification and instability, 
generally speaking, we must not lose sight of the very important fact that 
the dispersion of the velocities of the electrons in the plasma and the stream 
due to thermal motion is not zero. To allow for this fact we must obviously 
introduce the kinetic equation method (see the first subsection of this 
section). It can then be shown (Landau, 1946; Gordeyev, 1954) that for 
plasma waves being propagated in a plasma consisting of several kinds of 
particles (for example electrons and protons) the connection between œ 
and k is defined by Landau’s dispersion equation :ł 


yte” Ofer dV, 
es OV; o—kV,.— iv 
c 





=0. (27.53) 


t This formula is obtained by Ginzburg and Zheleznyakov (1958b); in the case of 
© = 0 it is the same as the corresponding expression found earlier by Akhiyezer and 
Fainberg (1951). 

t It is assumed here, as when obtaining (27.50), that the plasma is infinite and uni- 
form. We notice that the dispersion equation in the form (27.53) is valid even when we 
allow for the motion of ions in the wave’s field. 
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The integration contour C for Im k = 0 passes along the real axis V, from 
— æ to æ going round the pole V, = (w—iv,)/k from above; in (27.53) 
Joris the distribution function standardized for a concentration of particles 
of a kind / with respect to the projections of the velocities V onto the 
direction k; m, and v, are the mass and effective number of collisions of 
particles of a kind /. 

The dispersion equation (27.53) can be reduced to a form which is more 
convenient to use if we limit ourselves to the case when the unperturbed 
stationary velocity distribution function /,,(V,) for each kind of particle 
is a Maxwell distribution in a system moving at a velocity V,,. Then the 
relation w(k) can be found from the equation (Gordeyev, 1954 and 1953; 
Fok, 1946b) 





1-—Aé) 
1 -c SS 
tR 2D} 0, (27.54) 
where 
2 $ 

& zi 

o (ù xT j Pe at Nr 
Dı = an 3 A(E)) = Ee | e dz, (27.55) 

= wo—kVo, cos O — iv; 2 xT; 

& = ye = 8 Vii = m (27.56) 


We note that for any values of &, the inequality 0 < Re A(é) < 1 is 
satisfied, where A(£,) can be shown in the form 


Gi 


A(t) = PODER e ?, (27.57) 


where B(&,) is a function which is real with real values of & and in the 
extreme cases is 


BE) =~ F-Fef+... (| <1), (27.58) 
BE) = ltgtEt cae (I&I > 1). (27.59) 


For simplicity we shall limit ourselves to the practically important case 
of one corpuscular stream passing through a motionless plasma; here, as 
usual, we neglect the motion of the ions. Then provided that the density 
of the electrons in the stream is N, «< N (N is the concentration of the 
motionless plasma) and the parameter £7?=w?/k2V 4, in the motionless plasma 
with respect to the modulus is much greater than unity, we obtain (without 
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allowing for collisions) the expression for the attenuation coefficient: 
— (Vpn— V, cos 0)! 

= 2 a a 
> (oun Fs cos Pwo r eee e Vu — (27.60) 
which is exactly the same (after recalculating for absorption in space 
ua = y3(dw/dk)~1 = ysV,/3V%,) as the formula (27.36) found by the 
Einstein coefficients method.f In this case Re w is close to the value of œ 
defined by the dispersion equation in a motionless plasma without a 
stream: w? = w? +3V2, k2. 

We note further that for plasma waves with || = |(o—kV,cos 0)? xX 
(KV.u)~?] => 1 the exponential term in (27.57) becomes small and the 
dispersion relation is actually reduced to an equation of the quasi-hydro- 
dynamic type (27.50). Here the coefficients u, and y, are no longer obtained 
by the Einstein method: they will be proportional to N} (27.51), (27.52), 
whilst in the case (27.60) the coefficients 4, y; oc Ny. 

This discrepancy is in the final analysis explained (Zheleznyakov, 1959a; 
Ginzburg and Zheleznyakov, 1965) by the fact that the applicability 
of the quasi-hydrodynamic formulae (27.51), (27.52) is limited below 
with respect to the stream concentration N,, whilst the Einstein coefficients 
method treats absorption and growth in the stream as a small perturbation 
for waves being propagated in the absence of a stream of particles. It follows 
from (27.51) and the inequality |£2|>> 1 that plasma wave instability ap- 
pears in the quasi-hydrodynamic approximation provided that? 


4/3 2/3 2 
(<3) = (se) > Ki _ z (27.61) 
V2or 2N V2cos?@ 
For example when Va, ~ 5X 10® cm/sec and V,cos O ~ 5X10° cm/sec 
(a case which is apparently typical in generation of type III bursts) N, should 


be much greater than 2X107~3N ~ 2X105 electrons/cm? (with N ~ 108 
electrons/cm°). 


In the theory of the Sun’s sporadic radio emission as well as the case 
V,>> Vin ~ Vy, discussed above we are interested (possibly as applied to 


ya = 2Imo = 


t This once again indicates that the classical and quantum approaches to the problem 
of plasma instability and amplification are two different treatments of the same problem. 
Contrary to Twiss’s statements (Twiss, 1958 and 1963) there are not two different types 
in principle of plasma wave instability and amplification in streams of charged particles: 
one obtained by the classical treatment using the kinetic equation, and another following 
from the quantum treatment by the Einstein coefficients method (for further detail see 
Ginzburg and Zheleznyakov, 1965; Ginzburg, Zheleznyakov and Eidman, 1962). 

t Here we have already allowed for the fact that KV, cos O = w, ~ w,. We note 
that a detailed investigation of the dispersion equation with [¢2| > 1, free of the limita- 
tion N, « N, has been carried aut by Sumi (1958 and 1959). 
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the generation of type JI bursts) in the case when the stream velocity 
V, is less than the mean thermal velocity of the electrons in the corona 
Vin. Considering that the conditions Va, «< Va and Fa, < V, are satisfied 
as well as the inequality V, < Vn, we can neglect the dispersion of the ve- 
locities in the stream by putting Vin,= 0. In accordance with (27.54) here 
the longitudinal (plasma) waves are unstable if the phase velocity is close 
to the velocity of the stream (w ~ kV, with k]|V,). If the concentration of 
the electrons N, in the stream is small so that wo, <kV,, then the growth 
coefficient is (Akhiyezer and Fainberg, 1951) 


_ = | a V; (kD)~2 
-y = —2Imo= 2 Va Or, [i+ (kD) — Veg (27.62) 


(the values of Vn, D and v.g relate to a motionless plasma). The quantity 
—y3 reaches a maximum with kD = 1//2 at the frequency 





Or V, 


Omar = —= Z>» 27.63 
> Va ( ) 
where 
1 | / 2r Fs 
(— Y3)max = 3 3 OL Vin — Vef. (27.64) 


The effect of amplification and instability in the system under discussion 
obviously appears if the first term in (27.64) is greater than the second. 
With the usual velocity of sources of type II bursts V, ~ 108 cm/sec and 
Vin ~ 4X 10° cm/sec, v ~ 10 sec™! this effect occurs for concentrations 
of N, ~ 6X 107? electron/cm’. 


MAXIMUM AMPLITUDE AND HARMONICS OF AMPLIFIED PLASMA WAVES 


The problem of the generation of plasma waves in a non-equilibrium 
coronal plasma is not, of course, exhausted by the solution of the linear 
problem of amplification and instability. The harmonics in the radio 
emission of types II and IJI bursts (section 13 and 14) provide certain 
indications that the plasma waves amplified in the stream extend into the 
non-linear region. The effect of non-linearity ultimately leads to a limita- 
tion of the amplitude of the growing waves; it is natural, therefore, that 
if we are to judge the reasonableness of the plasma hypothesis of the origin 
of sporadic radio emission particular attention should be paid to a study 
of the establishment of plasma waves of maximum amplitude and a study 
of the nature of plasma waves that have settled down at the limit, in 
particular to finding their amplitude, their frequency and their harmonic 
content. 
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The basic difficulty here is that the amplification conditions in a non- 
equilibrium plasma are generally satisfied not for a single wave with 
a phase velocity V,a whose magnitude and direction are determined, but 
for a whole continuum of waves with different phase velocities (see, for 
example, the criteria given above for amplification when the dispersion 
of the velocities in the stream is taken into consideration). Therefore if the 
spontaneous emission of particles in a non-equilibrium plasma or the 
emission incident on it has a continuous frequency spectrum (which is. 
the case), then a combination of waves with different V,,, will be amplified: 
In the linear approximation (with small amplitudes) this circumstance is 
completely insignificant since these waves are propagated independently 
of each other. However, upon further examination of the settling process, 
when the waves extend into the non-linear region we must allow for the 
non-linear interaction between the individual components in the system of 
growing plasma waves and between plasma waves and stream electrons as 
well; the steady state will also, generally speaking, be a combination of 
interacting plasma waves with different phase velocities. 

If we assume, nevertheless, that the steady state solution is only one 
plasma wave of the form E(R—V pat; then the finding of this solution is 
once more a far from simple problem. According to Sen (1955), Bohm 
and Gross (1949a), Bernstein, Greene and Kruscal (1957) it is 1teduced 
(without allowing for collisions) to a certain integro-differential equation 
for the electric potential p(E = —grad ọpọ). The form of the function 
P(R—F pat) is determined in this case by the nature of the velocity distri- 
bution at the point where the wave potential becomes zero: f(V),_,. 
The function f(V), _, is determined by the initial distribution of the electrons 
in the plasma before the start of the establishing process; it is clear from 
this that the importance of this equation is small, since finding the function 
J(V) from its original value is a complex problem, including investigation 
of the settlement process. 

At the same time the amplitude of a steady plasma wave in a system 
with a given unperturbed velocity distribution function can be estimated. 
(allowing for collisions) from simple energy considerations (Bohm and 
Gross, 1949b). Let us assume that a motionless plasma is penetrated by 
an electron stream whose mean velocity is much greater than the mean 
thermal velocity of the electrons in the plasma and the stream, whilst the 
electron concentration N, in the stream is small when compared with the 
concentration N in the basic plasma to such an extent that the inequality 
(27.61) is not satisfied. Under these conditions the linear amplification 
coefficient 3 is defined by the formula (27.33); dissipation of the plasma 
wave occurs chiefly by collisions in the motionless plasma, whilst the 
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interaction of the electrons of the stream with the wave, whose phase veloc- 
ity lies in the region where the derivative of the electron velocity distri- 
bution function (df,/dV,)ly,— Von > 9, leads to a transfer of energy from 
the stream of particles to the wave. 

If an electron in the stream after colliding with other particles moves 
at a velocity V, it will not be able to overcome the potential barrier created 
by the potential p = grad E in the steady plasma wave and will start to 
oscillate in a “potential hole”, i.e. will be “captured” by the wave if the 
electron velocity is close enough to the phase velocity Vpn: 


Ve Vox)? << “280 (27.65) 


(po is the amplitude of the potential in the plasma wave). Since the mean 
velocity of the captured electron is equal to Vpn the energy given up by the 
particle to the wave in the time between two successive collisions in the 
first approximation is mV ,(V,— Vpn). If F(V,) dV, is the number of particles 
from a unit volume entering the range dV, in unit time after the collisions, 
then the energy given up here to the wave will be 

(ega/m)u3 


(a) ~ mV ox(Vi— Von) FV k) dVk— Von). (27.66) 
1 


—(2epo/m)!2 
In the state of dynamic equilibrium that appears at the end of the settling 
process the number of particles entering a given range of velocities dV, is 
equal to the number of particles leaving the latter as the result of collisions: 
F(V x) dV, = Vs fs(Vx) dV, (27.67) 
(v, is the frequency of collisions for the stream of electrons). 

If there is little change in the velocity distribution function f(V,) over 
the range of velocities (27.65) corresponding to “capture” of electrons 
by the wave (which occurs when 4eq9/m < xT,/m), then it can be expanded 
into a series in powers of V,,—V,,. Limiting ourselves to terms of an order 
not greater than V,—V,, and integrating (27.66), we obtain: 

dé\ 2 /2epo\?? df, 
(ar), Eg aal] dV; 
Unless the electrons transfer energy to the wave the latter is damped in a 
time 1/»,¢, where v, is the number of collisions for electrons in a motion- 
less plasma. It follows from this that the loss of energy in a plasma wave 
because of dissipation is 





. (27.68) 


y= Von 





dE 
(a ), Seige: (27.69) 
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where & ~ E2/8x = kq2/8z is the energy density in this wave (see (22.20)). 
Since in the settled state the total change in the mean energy is 


(F)+ (4), =) (27.70) 


the amplitude of the electric field EJ in a plasma wave that has settled in 
a stream-plasma system with a fixed unperturbed distribution function 
JAV p will be defined by the following expression: 


km [640 e'Vinv, dfs Í 
is _ km eV ph Ps . 27.71 
Eo = kpo E mk? ver dV i, paral i ? 


2e 
The phase velocity here lies in the region V, for which longitudinal wave 
amplification and stability are possible (i.e. in practice in the region 
df,/dV,, > 0; see (27.33) and (27.49)). The maximum value of (df,/d V) y, =Vpn 
here will obviously be of the order of Nyn/xT,; putting at the same time 
in (27.71) Vin, ~ V, and k ~ w/V, we obtain: 
mo | 16 V3w?,»,.m i 


n 2eV, 3 aw Ver XT s 











Ei (27.72) 
Here V, is the mean velocity of the stream, w, = 4xe?N,/m is the character- 
istic frequency of plasma oscillations in the stream. 

The relations (27.71) and (27.72) relate, of course, only to the funda- 
mental (first) harmonic of the settled plasma wave. The non-harmonic 
nature of the motion of captured electrons even in a sine-wave electric 
field E = Ejsin(wt—&R) will lead to distortion of a longitudinal wave 
profile in space and in time. In other words, higher harmonics of the field 
E(R, t) will appear propagated at the same velocity V n; their wave numbers 
are k, = sw/V,, where s is the number of the harmonic and is the fre- 
quency of the fundamental harmonic. 

When there is no stream of charged particles the non-linear nature of a 
plasma wave will be significant if the field Eo is so great that the wave 
captures electrons from the motionless plasma. According to (27.65) this 
will be with the condition V3, S 2eEo/mk, i.e.t 
moV yn 

2e ` 


It must be pointed out when there is a stream of particles the function 
E(R—V nt) in a steady plasma wave becomes sharply anharmonic far 


Eo z (27.73) 


t It is not difficult to arrive at this relation by estimating the non-linear terms in the 
quasi-hydrodynamic equations (22.2) (Zheleznyakov, 1958a). Similar results are also 
obtained with a more detailed study of plasma wave propagation in a motionless equi- 


librium plasma (see Akhiyezer and Lyubarskii, 1951; Smerd, 1955, and also Amer, 
1958), 
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earlier (with a high enough concentration N, in the stream) since the 
particles of the stream with a velocity V ~ V, ~ Vpn are captured by the 
wave at lower values of the field Eo than the particles of the motionless 
plasma. The amplitudes of the second harmonic in order of magnitude 
will then be 














EU ~ E; eE wt, 2, Pf 
9 4 2mk œ ™ dV? |v, =Von 
Eù 1/ eE} œ}, p2 ( m y 
~ Sa y See va (SY). (27.74) 


We are not giving here the rather clumsy derivation of this formula which 
was obtained as a result of an approximate solutiont of the kinetic equation 
together with the equation div E = 40 provided the plasma wave is close 
to a sine wave (i.e. E! < Ef). The formula (27.74) can also be used when 
Ej’ ~ E! for rough estimates. In this case the settled plasma waves will 
differ significantly from a sine wave; the presence of harmonics in a non- 
linear plasma wave will provide one of the possible ways of explaining 
the appearance of emission at the doubled frequency in types II and III 
bursts of solar emission (see section 31). The method of solution has 
been given briefly by Zheleznyakov (1959a). 

The disadvantage of the estimate formulae (27.71), (27.72) and (27.74) 
is that they are obtained on the assumption that a single longitudinal wave 
with a given phase velocity V,, is formed in the plasma. 

To solve the question of the results of the establishment of amplified 
waves further investigation is absolutely necessary into this problem+ 
which is of great importance for the theory of the Sun’s sporadic radio 
emission and above all for the theory of types IJ and III bursts. 

When using the formula (27.72), (27.74) for El, EY it is necessary to be 
certain that in the system under discussion the amplified plasma waves 
really do reach a steady state; the corresponding criterion can be found 
in the result of the correct calculation of the settling process. It may be 
thought, however, that the high amplification coefficient in the solar corona 
together with the great size of the corpuscular streams ensures that growing 
plasma waves change into a state with a steady amplitude in most of the 
source of emission. This allows us to use the formulae (27.72) and (27.74) 
for estimating the amplitude of plasma waves excited by streams of charged 
particles in the corona. 


t This solution also allows us to find the expression for the amplitude of the first 
harmonic, which differs from (27.71) only in the numerical coefficient. 
ł In this connection see Vedenov (1963), Sturrock (1957) and Gross (1958). 
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REABSORPTION AND AMPLIFICATION OF ELECTROMAGNETIC WAVES IN A 
NON-EQUILIBRIUM MAGNETOACTIVE PLASMA 

Having in mind the application later of the Einstein coefficients method 
to study the effects of reabsorption and amplification of waves in a plasma 
placed in a magnetic field Ho, let us first examine the kinematics of the 
emission of a single electron, i.e. the conditions imposed upon the fre- 
quency, the direction of emission and the nature of the transition of the 
particle from one state to another by the laws of conservation of energy 
and momentum (Zheleznyakov, 1959c; see also Ginzburg, Zheleznyakov 
and Eidman, 1962). 

When an electron moves in a constant magnetic field Ho the emission 
of a quantum fw with a momentum hk = (fiw/c)n(k/k) is accompanied 
by a corresponding change in the electron state: 


Em—En = V mi cA + p2, 2 — 4/m? c4 + p22 = ho, (27.75) 
Pm|| — Pali = ny cosa, (27.76) 


where m is the particle mass at rest, Em, E, and Pms Pp, are the energies 
and momenta of the electron before emitting a photon (state m) and after- 
wards (state n); the sign || indicates projection of the photon momentum, 
which subtends an angle « with the vector Ho, onto the direction of this 
vector. From the conservation laws (27.75), (27.76) we obtain (for further 
detail see Zheleznyakov, 1959c) the formula 


_ V1—6 7 (Em— En) 
ha = “en Safco (27.77) 


provided that n; 8), cos æ is not too close to unity: 


n? cos? a —1 2(1 — 8? 
esa FORO Cen — shat (27.78) 
and fiw « mc?. Here €m, €, denote the quantities p?,, /2m, p?, /2m, which 
have the meaning of the energy of transverse motion (for a non-relativistic 
electron); the sign L indicates the component of the electron momentum 
at right angles to Ho; 8 = V/c and 8, = V/c, where Vj, is the component 
along Ho of the total velocity V of the electron. Remembering that the 
square of the transverse momentum pł when the electron moves in a 
magnetic field takes up quantized values: 


Em — E = Pmi _ lee s=m—n=+1, +2 (27.79) 
m n 2m 2m 3 krmo 3 ie > 
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we obtain from (27.77) that 
shw* 
ow = 


= Tmp cosa ae 


(w* = wy TZ is the frequency of rotation of the electron in the field 
Ho, @y = eHo/mc is the gyro-frequency). 

The formula (27.80) defines the magneto-bremsstrahlung frequency of 
an electron found previously (section 26) from the classical treatment. 
In addition, the conservation laws (27.75), (27.76) make it possible for an 
electron to emit a photon without changing its transverse momentum p,, 
i.e. with s = 0, which corresponds to frequencies at which n,B,, cos æ = 1. 
This condition in its turn is the same as the classical equation for the Vavi- 
lov—Cherenkov effect in a magnetic field (26.30). 

It is easy to see that in the case of the anomalous Doppler effect, i.e. 
if n,B,, cos æ > 1 (26.32b), the relation (27.80) is satisfied only with s < 0; 
therefore the difference £„— £, can only be negative (since the frequency 
w = &/h, where & is the energy and is always positive). Therefore in this 
case the emission of a quantum is accompanied by the transition of the 
electron into a state with a large transverse momentum p, ; the energy 
necessary for this transition and the emission of a photon is drawn from 
the kinetic energy of the advancing motion.t For the normal Doppler 
effect, i.e. in the region n, Bi cos « < 1 (26.32a), the parameter s is positive 
and the emission of a quantum fiw is connected with a transition into a 
state with a lower value of p, . The ranges of angles æ with anomalous and 
normal Doppler effects are located respectively inside and outside the 
Cherenkov cone defined by the condition 1,8, cosa = 1. 

Let us now investigate the emission of a system of charged particles in 
a magnetoactive plasma using the Einstein coefficients method and the 
results obtained above for the emission of a single particle (Zheleznyakov, 
1959c). 

Let the momentum distribution of a system of electrons be axially sym- 
metrical relative to the direction Ho: 


aN; = f(p) dp = 27f:(P 1, Pi) Pı 4P 1 dpi- (27.81) 

In the momentum space to one state (m) of a quasi-classical electron 
(m > 1) in a magnetic field belongs the volume 

dp = np. dp. dp, = 2nm fog dpi (27.82) 


since the range with respect to £ = p? /2m between two adjacent states is 
hw, (see (27.79)). The number of electrons in a unit volume in a given 


¢ Attention has been drawn to the unique nature of the emission in the region of the 
anomalous Doppler effect by Ginzburg and Frank (1947). 
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quantum state (m) is 

Nm = (Pm L» Pm||) 20m hoy apy), (27.83) 
and therefore the ratio of the populations in the formula (27.26) for the 
absorption coefficient y, is 


Na _ SPa Pail) _ 1, {1 8 1 of : 
Nm f£s(Pmi» Pmi) 1+7 Op. ) 4 +(7 api ) py. (27.84) 


Here 4p, and Ap, are the changes in p, and py during the transition of 
an electron from a state (m) into a state (n) with the emission of a quantum 
fiw; in accordance with equations (27.76) and (27.79), with magnetic 
bremsstrahlung and Cherenkov emission} 











sm ho wn; cosa 
Ap, =— a 2, 4p)=-—_—.. 


- (27.85) 





If through a motionless plasma there passes a quasi-neutral non-relativ- 
istic stream of charged particles in which the velocity distribution of the 
electrons is of the form (27.34) with V,||H, then from (27.84) remembering 
(27.80), (27.85) we obtain: 

Nn 

Nw 
where 8, = V,/c; V, corresponds to the velocity at the maximum of the 
distribution function f(V). Since the ratio N,/N,, is the same for all 
electrons emitting a frequency œ the absorption coefficient will be 


8c? 
mT, ne: COS a) ay (27.87) 


fia) 
-l= ria (1 — n; bs cosa), (27.86) 


H= 


(see (27.26), (27.27)), and the intensity of the emission (magneto-brems- 
strahlung or Cherenkov) of an optically thick plasma-stream system is 
a njw? xT, 
By —-8n3c%(1—n, 8, cosa)|cosd| ` 
Using the concept of the effective temperature T,, (26.15) for the emission 
characteristic we find that 
Ter = T,(1—nj fs cos a)7}. (27.89) 

For an equilibrium velocity distribution (8, = 0) we obtain a trivial 
result: Tœ = T,. In the stream (8, # 0) the quantity T, increases and 
with a velocity $, = (n, cos «)~1 becomes infinite. As f, increases further 
the effective temperature formally changes sign. The latter is because the 
coefficient u, here becomes negative. 


I = (27.88) 


t The first of these relations holds provided that m—n « m, n; it is only transitions 
of this kind that are being investigated here. 
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Therefore when a stream of charged particles is moving in a plasma the 
absorption coefficient becomes negative if 


nips cosa > 1; (27.90) 


then the stream—plasma system with a magnetic field becomes amplifying 
and the electromagnetic waves being propagated in it become convectively 
unstable. In the case of s = 0 (Cherenkov amplification) the inequality 
(27.90) is actually satisfied at frequencies œ which are emitted by electrons 
in the stream with velocities of V < V,; this is clear from a comparison 
of (27.90) with the condition for the Vavilov-Cherenkov effect (26.30). For 
s ~ 0 (magneto-bremsstrahlung emission) this kind of limitation is not 
imposed on the velocity (see the Doppler formula (27.80)). 

It is appropriate to stress that this amplification and instability criterion 
‘is not the same as the condition (26.32b) for the emission of particles in an 
anomalous Doppler effect region, although, generally speaking, it is close 
to it. This closeness can be explained by the fact that emission in a region 
of anomalous Doppler effect is accompanied by an increase in the trans- 
verse momentum p, (see p. 488); therefore for the distribution f,(p) used, 
in which the number of electrons in an element dp of momentum (or 
velocity) space decreases as p, rises, the number of electrons in the state 
before emission of a photon is greater than in the state into which the 
particle makes a transition after emission of a photon (Nm > N,). This 
kind of population of the levels leads to amplification and instability. On 
the other hand, for electromagnetic perturbations in a region of normal 
Doppler effect the momentum distribution is stable, since here the emis- 
sion is connected with a decrease in p, which leads to the opposite rela- 
tion of the populations N„ < N,- 

The difference between the amplification and instability criterion (27.90) 
and the condition for the appearance of the anomalous Doppler effect is 
caused by the fact that when emitting a quantum žo% an electron changes 
the value not only of p, but also of p; owing to this the criterion for ampli- 
fication p, < 0 depends not only on the form of f(p,) but also on the 
nature of the change in f,(p,,). In the case when the velocity dispersion in 
the stream is absent and all the electrons move at a velocity 8 = £,, the 
inequality (27.90) is naturally the same as the condition for the appearance 
of anomalous Doppler effect. 

The amplification and instability criterion (27.90) in a stream-plasma 
system with a magnetic field was obtained by Zheleznyakov (1959c) 
by the same method as above with an arbitrary angle « between k and Ho, 
and also kinetically with æ = 0. Then the same problem (for any «) was 
studied by Kovner (1960a and 1960b) using the kinetic equation; the case 
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when there is no dispersion of the velocities in the plasma has also been 
studied by Getmantsev and Rapoport (1960) and Rapoport (1960). 

The amplification of electromagnetic waves in a magnetoactive plasma 
that we have just discussed occurs only with a special (although often 
found in solar conditions; see sections 13, 14 and 17) kind of non-equilib- 
rium state when a stream of charged particles is moving in a motionless 
plasma at a velocity “greater than the velocity of light”, i.e. at a velocity 
exceeding the phase velocity of these waves. At the same time there is no- 
amplification and the plasma remains stable relative to perturbations whose 
velocity corresponds to the corpuscular stream moving at a velocity “up to 
the velocity of light”. At the same time there is every reason to assume that 
the complex non-stationary processes in the Sun’s atmosphere lead to the 
appearance of non-equilibrium states that differ from the very simple case 
of a stream in a plasma. For example it is quite possible that when a shock 
wave passes through in local regions of the corona the velocity dispersion 
of the electrons in the front of this kind of wave along the magnetic field 
and in the plane orthogonal to it will be different (for further details see 
the last subsection of this section). 

The occurrence of electron velocity distributions characterized by tem- 
perature “anisotropy” in local regions of the coronal plasma is a very 
important circumstance because amplification of electromagnetic waves, 
and therefore also generation of coherent radio emission, is possible in 
these regions even in the cases when the mean ordered velocity of the 
electrons is zero. Amplification and instability under conditions of this. 
kind can play an important part when interpreting certain components of 
the solar radio emission (type I bursts above all) and Jupiter’s sporadic 
radio emission. 

Among the first papers which discussed the instability of a magneto- 
active plasma with an anisotropic electron temperature relative to high- 
frequency electromagnetic perturbations Sagdeyev and Shafranov (1960) 
is notable. This problem was then investigated in detail in a series of 
papers (Andronov, Zheleznyakov and Petelin, 1964; Zheleznyakov, 1960a, 
1960b, 1961a and 1961b; Petelin, 1961) devoted to a more general distribu- 
tion of the electrons with respect to the momenta p of the form 





— p} — p0)? 

fo(p) dp = A exp |- (Pii =P) a (pı aa |æ. (27.91) 
ii 

Here an element of the phase volume dp is equal to p , dp dp dy (p, is the 

modulus of the component p orthogonal to the field Ho, Py is the projec- 

tion of p onto Ho, y is the angle in the cylindrical system of coordinates 

with the axis Ho); the factor A is determined from the standardization 
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condition J So(p)dp =N. The function (27.91) is sufficiently simple and at 
the same time reflects the most characteristic features of the actual electron 
distributions in cosmic conditions: the presence of dispersion (a, = 0, 
a, # 0) and temperature “anisotropy” (aj # a,), a finite mean particle 
velocity (pf; # 0), i.e. the presence of streams, etc. 

According to Zheleznyakov (1960a) the propagation of ordinary and 
extraordinary waves in a uniform infinite plasma along a magnetic field 
Hp is defined by the dispersion equationt 


fo 
a4 OM HOD Gye th ae 
PIL dp , dp = 0, (27.92) 


2k22 — w? —). n E a 
ý a a N om— = 0x m 
€ 


obtained by a combined solution of the relativistic kinetic equation and 
the Maxwell equations. In (27.92) 2, = 4ne?N/m is the Langmuir fre- 
quency, Qy = eHo/mc is the electron gyro-frequency; the difference of 
these notations from the w, , w,, used above indicates that m here depends 
on the particle energy. Furthermore, n,m) is the refractive index of the 
medium in which the particle system under investigation is located; 
summation is carried out for the kinds of particles making up the plasma; 
the top sign relates to an extraordinary wave and the bottom to an 
ordinary one. 

A study of plasma instability is reduced to finding the roots of the 
equation (27.92) located in the upper semi-plane w. The corresponding 
calculations for establishing the instability criterion and finding the value 
of the growth coefficient are very complex; below we shall therefore chiefly 
give the results referring for details to Sagdeyev and Shafranov (1960), 
Zheleznyakov (1960a, 1960b, 196la, 1961b). 

If there is no dispersion of the electrons with respect to the momenta 
Pp, and Pip then the distribution function (27.91) is actually reduced to 
the form iy AX Pi PI) 6(p,—p*,) and the dispersion equation 
(27.92) is reduced to the form (Zheleznyakov, ge 

wo—kve z ek? — 
E L A ree ee 
o— kV? Fy 2 (@-—kV} FQy) 

t For the choice of the integration contour C in the dispersion equation see Zhelez- 
nyakov (1961a). We note that unlike the preceding one this equation is obtained for 
waves of the form e*R—‘@ and not e'»!—ikR, 

t Here and in future the motion of the ions is not taken into consideration. 

The dispersion relation (27.93), just like (27.92), is obtained on the basis] of the relativ- 
istic kinetic equation (i.e. allowing for the velocity dependence of the electron mass). 
It is clear that it is necessary to allow for relativistic effects if the velocity of the plasma 
electrons is a noticeable fraction of the velocity of light. Even with small velocities, 


however, the dependence of m on p? must be taken into consideration since neglect of 
this circumstance will lead to an incorrect expression for the last term in (27.93). 
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where p, = V° jc, V? and Vi are the component of the velocity v 
corresponding to the values of the momenta p° | and Pij- The same values 
also correspond to the quantities 2, , Qy. The equation (27.93) is of the 
fourth power in w and the general expressions for the frequency @(k) will 
be very cumbersome. We shall therefore limit ourselves to finding the 
instability conditions in the case when the eigen frequency 2, of the plas- 
ma’s non-equilibrium component characterized by a distribution 6(p,— 
pî) 6p, —p') is small enough. 

Let w = wo+6, where ô is a correction to the frequency approaching 
zero together with 2,. Then with ô < wo the dispersion equation under 
discussion is reduced to the following: 


Soe? wo—kV8+6 

wo— kV! FQu+ 

+02 Bi Pare 
22 (@o—kVeFQy+ ò) 


ek?— win?(wo) — ð+? 


=0. (27.94) 


Proceeding by the perturbation method we take as the zero approxima- 
tion for the frequency øw the solution of the equation (27.94) when Q? = 
ek?— gn} (wo) = 0. Then in the region of the values of k for which 


| @o—kKVPFQy| «] 4, (27.95) 


(27.94) can be written as follows: 


dosni) oe (,_F2\ og S07 = -opi 5 BL CMa} _ 
ae +? (1-5) +98 +23 "a 
(27.96) 


It is assumed below that the second term here can be neglected when com- 
pared with the first. It is easy to see that in the case of (27.95) under certain 
conditions real k may correspond to complex w with the sign of the imagi- 
nary part corresponding to waves which increase with time. 

In actual fact let 


[28 | lwo—kV?— wp} | > p? | 2k? cw? |. (27.97) 
Then in (27.96) the last term can be neglected, so that 
1—Byr(wo)— pi Vi 
2 = Rop —— PIO- PL 
doo 


However in an equilibrium medium with a refractive index n,(wo) the deriv- 
ative d(w3n7)/dwo > 0 (see Landau and Lifshitz, 1957, section 64) and 
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6? becomes negative, and the system is unstable if 
1—Byn,j(wo) < pi. (27.99) 


It follows from this that with 8, = 0 instability appears, in accordance 
with what has been said previously only with motion at a velocity “greater 
than that of light” (i.e. in a region of anomalous Doppler effect for the 
system’s electrons: n,(@0)B, > 1). However, in the case when 8, # 0 the 
instability region increases and as well as the range corresponding to the 
anomalous Doppler effect includes a normal Doppler effect region: 
0 < 1—£, nwo) < p3. We notice that with wo) = 1 the instability 
criterion is reduced to the inequality 8, > 1—87, which is possible only 
if V? #0, V9? 40. 

In the opposite case to (27.97), when the penultimate term in (27.96) 
is insignificant 


2 2 — 1 
59 = Q} ea ae (27.100) 
doog 


and instability occurs both when the electrons are moving along the field 
Hy at “superlight” velocities and at “sublight” velocities (in particular 
with a zero velocity V‘{). For this instability to occur we must have 
p5 = OF. 

The second group of solutions of the equation (27.94) that approach 
zero together with 2, can be obtained if as the zero approximation for œ 
we take the solution of the equation wo—k V? FQ y = 0. Then when we 
satisfy the inequality 


5 dirt) 


dwo 


| c2k2—w3n?(wo)| > (27.101) 








+ The condition (27.97) and its opposite, when the formulae (27.98), (27.100) are 
applicable, can be shown in a slightly different form if we take into considerations the 
explicit expressions for the corrections to the frequency 6. The expressions (27.98) and 
(27.100) then prove to be valid if 


49} | 1—Biny— BY 1° 
d(wpn}) 

o, 2 

° do, 


z bie} 1), 


if, of course, the inequality (27.95) is satisfied here. We note, moreover, that in the 
opposite case to (27.95) the equation (27.94) becomes linear in ô; therefore the quan- 
tity ô will be real with real k and the system will be stable relative to perturbations 
of the type under discussion. 


494 


§ 27] Emission, Absorption and Amplification 
the equation (27.94) becomest 


2 
ek? — win?(wo) +2} ( — 5) 


py g2 2k2— w2 
4.93 o Ee o zaa 0. (27.102) 


Its solutions differ significantly from those studied previously. For ex- 
ample, with the condition (27.97) 6 is real with real k, whilst in the case 
that we satisfy the opposite inequality to (27.97) 


H BP (e-o) 
E Bi 
2 | 24 —erH(oo) +03 (1 = $) | 


LIP ek— o?) 


Df c®k? — w2n?(wo)] * 





(27.103) 


In the change to the last expression we made the assumption that 
| c?k?—win}(wo) | > Q7(1 —B? /2). It follows from (27.103) that 6? < 0 and 
the system is unstable ift 

c?k2 

w 


n?(wo)— 1 S 





1, (27.104) 


The corresponding increase (attenuation) coefficients ina non-equilibrium 
plasma with a 6-distribution with respect to the momenta p,, p, for the 
case of electromagnetic wave propagation at an angle to the field Ho have 
been dbtained by Petelin (1961). 

In the actual conditions of the Sun’s atmosphere a study of the amplifica- 
tion and instability of a non-equilibrium plasma with allowance made 
for the electron velocity dispersion is, of course, of the greatest interest. 
As shown by Zheleznyakov (1960b), under certain conditions the dispersion 
equation (27.92) in a plasma where the electron distribution is character- 
ized by the function (27.91) is actually reduced to the equation (27.93) stud- 
ied above, the only difference being that instead of 6°, /2 the parameter 


2 2 
_ Pi 4i 
Y= “e (27.105) 


+ In the opposite case to (27.101) the equation (27.94) is actually reduced to the form 
(27.96) discussed above. 

į The criterion (27.97) for the applicability of the expression (27.103) can also be 
written slightly differently by substituting in it the explicit expression for ô: 


223 | w,—kVA—@,B4 | 


2 272 a2 
lek oino] lAl- a8. 
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figures in it. Here P is the mean square of the transverse momentum.t 
It is clear from this that all the expressions following from (27.93) for ô, 
the limits of applicability of the latter, etc., remain valid when 3 /2 is 
replaced by Y. 

The conditions under which this kind of replacement is permissible are 
basically the requirement that the change in the mass m should be small 
in the range (p, —p°)? S a°,, (p,—p4)* S af, where the majority of the 
electrons are concentrated, and the inequality 


— n? 
[8,2 = 2| PPE > 1, (27.106) 





which should hold in the range (p, —p%)? S œ. In (27.106) P, is con- 
nected with w and p, by the relation 


wom—kp, Sel = 0, (27.107) 


which is obviously the Doppler equation for the case under discussion. 
The function p,(p,) defined by (27.107) is generally speaking two-valued 
for each sign in front of eHo/c, which also justifies the introduction of the 
suffix y = 1, 2 in the quantity ¢,. 

The meaning of the condition (27.106) is that we are discussing the 
instability of a plasma only at the frequencies which are emitted by indi- 
vidual electrons of the plasma in the “tails” of the distribution function 
Jop) (27.91). The situation here is completely analogous to that holding 
in a stream—plasma system where there is no magnetic field (see (27.54)- 
(27.57) et seq.); only in the case of (27.106) do terms appear in the dis- 
persion equation which have a singularity with wm —kp' + eHo/c = Ot and 
terms of the equation proportional to e~%/* which explicitly contain an 
imaginary unit and which cause Landau damping in an isotropic 
plasma become exponentially small. 

We notice, however, that even when al >> 1 it becomes essential to 
allow for terms with e~**” for investigating plasma instability if the solu- 
tion w(k) of the dispersion equation without these terms is real with real 
k. With || < 1 the terms with e~*?” play a definite part in the plasma 
instability. Plasma instability caused, as it were, by negative Landau 
damping has been investigated for a distribution fo(p) of the (27.91) 
type with longitudinal propagation (k || Ho) by Zheleznyakov (1961a 


ł If pù /ay <« 1, then p§ = ał ; when p9 /a, > 1, p7 = (PIY. 
t The sign ~ denotes that the corresponding quantity is taken with the values 
Py = Py PL = Ph- 
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and 1961b). The results of these papers, which were obtained by the kinetic 
equation method and the Einstein coefficients method, are in close agree- 
ment and are basically as follows. 

The growth coefficient y, = 2 Im ô of the electromagnetic waves being 
propagated along the field Ho is defined by the relation (œ = wo+4; 
| ò | < wo) 


5 don) _ yaf C2e—G— ao r| 6—£o ee ~ktt,—=5 a Fal 





doo ai / 2an 
a 
Qi 
x— = eR dt, (27.108) 
k- @oPy 
2 
me 


in which Y = sgn (k—[wop,/mc?]), nj(wo) is the refractive index in the 
plasma, ¢ = p, /a,, Co = p°, /a,.t The parameter Zo is equal to 


fe e CEs 


the values of £, are given by the formulae (27.106), (27.107) with œ = wo 
If ni(wo) in the non-equilibrium system under discussion is close to the 
value for an equilibrium plasma, then d(wn%)/dwo > 0 and the sign of ò 
will be the same as the sign of the integral in (27.108). 

It is appropriate to stress here that with longitudinal propagation in 
a plasma for ordinary waves n = ck/wo < 1; therefore the relation (27.107) 
cannot be satisfied with V, < c and for waves of this type Im ô = 0. This 
actually reflects the fact that ordinary waves with k||Ho) can be emitted 
only by electrons moving along Ho with a “superlight” velocity V, > wo/k 
(i.e., in a region of the abnormal Doppler effect), unlike sceaordinacy 
waves which are emitted only by “sublight” electrons with V, < wo/k 
(i.e. in a region of normal Doppler effect; see Zheleznyakov 1959c). 

Having in mind only extraordinary waves we note that investigation 
of the expression (27.108) is difficult in the general case. The problem is 
simplified, however, in the two extreme cases (I and II): the first of them 
holds for a distribution fo(p) when waves of a frequency œ ~ wo are emitted 
largely by electrons with close values of the longitudinal momentum p, 
(i.e. &,) and different values of p, ; the second is when the frequency wo is 
connected with particles in which p, ~ const (i.e. € ~ const). These two 
possibilities are illustrated in Fig. 148, where the solid line shows the func- 
tion p,(p,) with constant wo and k defined by the Doppler equation and 


t The corresponding absorption coefficient in space uy will be equal to (y;/c)X 
d(w97})/ dary. 
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the dotted line shows the function (p,—p{)?/aj+(p, —p°,)?/a’, = 1. At 
the points that satisfy the last relation the distribution function is fo(p) = 
constant, the majority of the plasma electrons being located in the 
Tegion bounded by the dotted line. 





hie ba D 


Fic. 148. Two extreme cases of the distribution function f,(p) when inves- 
tigating the instability of a non-equilibrium plasma in a magnetic field. 


For a non-relativistic plasma (71 >> p,/mc) case I obtains provided that 





aıpuı $ nya, . n2 
mec < min ae 5 Cei (27.109) 


in the range (p, —p°,)* S a’. Then according to Zheleznyakov (1961b) 


_ vrom B ó a® aus 
Im 6 = “deen MAEA foo-kri—on ( So )} e72. (27.110) 
da 


Here &, is equal to £, (27.106), (27.107) when p, = p°, and w = wo. If 
Pp? =0 and a, =a,, then the expression (27.110) is the same as that 
investigated by Zheleznyakov (1959c); the case of temperature anisotropy, 
when p°, = 0, p9 = 0, but a, # ap has been discussed by Sagdeyev 
and Shafranov (1960). 
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It follows from (27.110) that electromagnetic waves propagated along 
Ho are unstable when 


oo-kVt-wu(1-2) 0: (27.111) 


Pi 


If the mean square of the transverse momentum is Pe = a?, then this cri- 
terion is reduced to the instability condition already obtained earlier for 
a “superlight” stream (see (27.90) with æ = 0); this condition, however, 
ceases to be necessary for extra-ordinary waves with a? < FA if they are 
emitted by particles with a “sublight” velocity. From what has been said 
the conclusion can be drawn that in the direction Ho the only waves 
that are unstable are extraordinary ones, chiefly in a “sublight” stream 
with aj, < p} .t 

Case II occurs with a small enough dispersion of the longitudinal veloc- 
ities a,; in a non-relativistic plasma, where nı > p,/me, it occurs when 





a z 
nee ” "mc" (27.112) 


This inequality should be satisfied in the range (p,—p})? S at which 
makes the major contribution to Im 6 when integrating. Then the quantity 
Im ô is defined by the relation (Zheleznyakov, 1961b) 


Teoza mc? s ; 
Hom) Zy POLE; (27.113) 
ia de E 


wo 
ding 


Im ô =F 


the values of #,, & are found from the Doppler equation (27.107) for 
Pı = Pi, and w = œo. It follows from this that in case II the instability 
condition of extraordinary waves is the inequality 


Bi = pi. (27.114) 


This result is quite natural from the quantum point of view, according 
to which instability and amplification are connected with the fact that in 
the state into which an electron passes after emission of a quantum fiw the 
number of particles is smaller than in the state before the emission of a 
quantum. In case II the frequency wis connected with electrons the major- 
ity of which have a transverse momentum p, ~ p, and longitudinal 


+ If we exclude the special case when the stream’s mean velocity is “superlight” 
and the waves emitted by the particles of the stream that move at a velocity “sublight” 
are unstable. 
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momenta in the range (p,—p})* S a?. For anextraordinary wave with k || Ho 
emitted and absorbed by particles only in a region of normal Doppler 
effect the emission of a quantum fiw is accompanied by the transition of an 
electron into a state with a lower p, ~ p, (see p. 488). The density of the 
particles in this state will be lower than in the original state and the wave 
will become unstable if, in accordance with (27.114), p, = p°,- 

Instability and amplification of electromagnetic waves propagated at an 
arbitrary angle a to Ho in a plasma with an electron velocity distribution 
of the (27.91) type have been studied by Andronov, Zheleznyakov and 
Petelin (1964). The general treatment is rather cumbersome; therefore we 
shall give only certain results. The criteria of instability and amplification 
here can be obtained in a comprehensible form only in the two extreme 
cases I and II similar to those indicated above for longitudinal propagation. 
In case I, which is of most interest to us, provided that the maximum of 
the function fo(p) in a non-relativistic plasma is located on the axis p, 
(i.e. p? = 0), the instability criterion for both ordinary and extraordinary 
waves in a normal Doppler effect region is written as follows: 


ak cos a(p—ph) + ats E < 0 (s=1,2,3,...). (27.115) 
The corresponding amplification coefficient will be of the form (æ = 2/2) 


Vno} m(u—1) ( ak sin et a, 
j 8Q w? ak cosa 2mon sOn+ ai (o i COS a 
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E v 
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(27.116) 
where 
Q = (1—u—v+ w cos? a)n} — [2(1 — v)? + uv(1 + cos? «) — 2u)n? 
—(1—»)[u—(1—»)*], 
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It follows from (27.115) that in propapating at an angle to the field Ho, 
the instability occurs not only at the first but also at the higher harmonics 
s. Zheleznyakov and Suvorov (1968) have considered the character of a 
change of instability with the growth of the width of the distribution 
function of relativistic electrons fo(p) up to the value at which not one 
but many harmonics s give a contribution to the change of absorption at 
the frequency w. In the last case there may occur the so-called synchrotron 
instability discovered by Zheleznyakov (1966) (see also NcGray (1966)). 
This instability is realized at the corresponding choice of the function 
Sop) if the relativistic electrons exist in a sufficiently “cold” plasma. With 
this effect is associated the negative re-absorption of synchrotron radiation 
due to which there may occur, under definite conditions, the coherent 
synchrotron mechanism of radio emission. 

For an estimate of the maximum amplitude reached in these cases by 
electromagnetic waves as a result of amplification a special treatment is 
required with allowance made for non-linearity. | 


THE APPEARANCE OF PLASMA WAVES IN SHOCK WAVE FRONTS 


The fact established in this section of amplification and instability of 
plasma and electromagnetic waves in a non-equilibrium plasma makes 
us investigate particularly carefully the conditions under which in the solar 
corona particle velocity distributions occur which provide this kind of 
instability. One of these possibilities which is of great importance in the 
generation of type III bursts is the injection of streams of fast particles (with 
a velocity of ~ 10!°cm/sec) into the coronal plasma from a chromospheric 
flare region. In an isotropic coronal plasma amplification of the plasma 
waves occurs in this case because of “beam” instability. The other possibility 
is the passage in the corona of shock waves ahead of plasma bunches ejected 
from the region of the bursts at a velocity of ~ 10° cm/sec. The latter possi- 
bility is of considerable interest above all for the theory of type II bursts. 

We shall open the discussion of the instability of shock waves relative 
to plasma-type perturbations with an isotropic plasma when, according 
to Denisse and Rocard (1951) and Sen (1954), instability appears because of 
the twin-hump electron velocity distribution in the front of the shock wave. 

According to Mott-Smith (1951), the particle velocity distribution in 
a shock wave front can be represented approximately in the form of the 
sum of two Maxwell terms whose temperatures and mean velocities are 
equal to the corresponding quantities on the two sides of the shock wave. 
This kind of representation has a clear physical meaning: a shock wave 
front with a thickness of the order of the mean free path /,, consists of a 
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mixture. of particles coming in from the side of supersonic and subsonic 
streams. For a single-atom non-ionized gas with a thermal capacity ratio 
of c,/¢y = 5/3 the velocity distribution function fo(V) becomes twin-humped 
if M > 3 (Mis the Mach number defined as the ratio of the velocity of the 
shock wave’ front to the velocity of sound). 

Denisse and Rocard (1951) and Sen (1954) assumed that in a plasma 
the function fy(V) for the electrons also has two maxima when M > 3 
and, therefore, the necessary conditions are created in'a shock wave 
for the appearance of instability and amplification which ensure coherent 
emission of plasma waves.t _ 

However, as shown by Zheleznyakov (1958a), this conclusion is based 
on a misunderstanding. In actual fact it is known that when shock waves 
are propagated in a plasma it is not the electrons, but ions with a mass 
m, >> m that play the major part in determining the velocity of the sub- 
sonic and supersonic streams, density and temperature behind the front. 


It is the ions that determine the velocity of sound Von = V/ (c,/c,)2xT/m, 
in an ionized gas with a pressure p = 2NxT (2N is the total number of 
particles in a unit volume). This velocity (which differs only by a factor 
of 4/2 from the corresponding value of a non-ionized gas) together with 
the M number gives the value of the above-mentioned parameters that 
characterize a shock wave in a plasma. Therefore in the case when M > 3 two 
maxima also appear in the shockfront, but only in the ion velocity distri- 
bution: as estimates show, the function fo(V) for the electrons will definitely 
have one maximum for Mach numbers of M < 10?. This is quite under- 
standable if we remember that the Maxwell distribution for the electrons 
is 4/m,/m times broader than the corresponding distribution for the ions 
(at the same temperature). This boundary increases still further if we allow 
for the enhanced electron velocity dispersion connected with the increase 
of their temperature in a wave front with high M. 

l t Without allowing for ion motion the plasma definitely remains stable in relation to 
longitudinal-type perturbations if the velocity distribution function f (V°?) is characterized 
by a steady decrease as V? rises (see Akhiyezer and Lyubarskii, 1955). For instability 
several maxima must be present in the electron distribution function (Gertsenshtein, 
1952) or there must be a shift of the maximum of the ion distribution function relative 
to the electron function, as the equations (27.54) will confirm. It is clear from what has 
been said why the variety of instability under discussion is sometimes called “twin- 
stream” or “beam” instability. It is appropriate to stress that the smallness of the ratio 
of the plasma wavelength å to the width of the front of the shock wave lan ~ lı provides 
a basis for assuming that in a non-uniform plasma such as the front of a shock wave the 
geometrical optics approximation is extensively applicable. This allows us when studying 
amplification to use the dispersion equation obtained for a uniform plasma, remember- 
ing at the same time that in this approximation the connection between k and w at a 


given point in a non-uniform plasma is the same as the function k(w) in a uniform 
medium with the same parameters (see section 22). 
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On the other hand, it is easy to see that in an isotropic coronal plasma 
shock waves cannot exist with a Mach number of: more than a few tens 
since for these waves the width of the front (of the order of J,,) becomes 
comparable with the linear dimensions of the corona. It follows from 
what has been said that when there is no magnetic field Ho shock waves in 
the solar corona cannot cause instability or amplification of plasma waves. 

The dispersion equation (27.54) can be used to show that this result does 
not change when the motion of the ions is taken into consideration. However, 
under certain conditions the complex nature of electron and ion velocity dis- 
tribution functions can apparently affect the stability of the shock wave front, 
but in relation to low-frequency.perturbations of the ion plasma wave type. 

The position changes considerably if a magnetic field Ho is applied to 
the plasma (see, e.g., Sagdeyev’s survey (1964) and also Vedenov, Velikhov 
and Sagdeyev (1961)). In this case the profile of a shock wave being 





Fic. 149. Profile of a shock wave being propagated in a plasma: (a) across 
the magnetic field, (b) at an angle æ that satisfies the condition 4/m/m, 
«al. 


propagated in a “cold” plasma (NxT < H?/87) across a magnetic field H 
at a velocity U is of the form shown in Fig. 149a; first H rises from a value 
Ho ahead of the front until 

Hymax = Ho(2M—1), (27.117) 
then H oscillates around the value 


Ht = mq- 144/1+8M), (27.118) 


gradually damping until a field H = H* is established corresponding to 
the field strength behind the wave front. Damping of the oscillations occurs 
at a distance 
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where »,¢ is the effective number of collisions of electrons with ions. In 
other words, the front is a system of so-called solitary waves (“solitons”), 
the distances between whose crests at the beginning of the front are 


fee 8 ONM (27.119) 
ØL M-1 Verc 
and at its end are 
fie ees (27.120) 
wL M-1 
Here 
goo OU: 
M = 4x00 (27.121) 
Ho 


is the “magnetic Mach number” (the ratio of the velocity of the shock wave 
to the velocity of the magnetohydrodynamic wave); in shock waves we 
always have M > 1 (go is the plasma density before the shock wave front). 
This kind of front structure exists only in a sufficiently rarefied plasma 
for which 
ip EE (27.122) 
Ver OL 
in the opposite case the thickness of the front is characterized by the 
expression 
Nm 
~ UM-=1) 
well known in magnetohydrodynamics, where ņn„ = c?/4xøo is the “magnetic 
viscosity” (the conductivity is ø = e2N/mv.,). The reservation must also 
be made that a front of the kind shown in Fig. 149a occurs only if the 
shock wave is propagated across the magnetic field. When propagated at 


an angle a # 7/2, i.e. in the case a/-m|m, <a -< l, the wave profile con- 
sists as before of solitary waves, but they will now be “rarefaction” 
waves (Fig. 149b). The field H inside the front reaches a minimum value; 
the amplitude of the oscillations gradually increases from the beginning 
of the front to its end, so the onset of oscillations is not sudden. 

We note further that profiles of the type given in Fig. 149 exist only 
for “Mach numbers” of M < 2. In the case of a strong shock wave (M > 2) 
the position becomes more complicated: the ions of the oncoming stream 
are reflected from the potential barrier in the wave front, the motion be- 
comes multi-stream and the velocity at a given point ceases to have a single 
value. The theory of strong shock waves has not yet been developed, al- 
though this case is also of considerable interest from the point of view 
of radio astronomy applications. 

Under certain conditions in the front of a shock wave moving in a 
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magnetoactive plasma instability appears relative to perturbations of the 
plasma wave type. Here notice should be taken above all of the possibility 
of instability caused by drift of the electrons relative to the ions in the 
plane of the front (Vedenov, Velikhov and Sagdeyev, 1961; Sagdeyev, 
1964). The cause of the drift is the non-uniformity of the magnetic field 
in the x direction; in its turn the drift causes a current which ensures the 
self-consistent nature of the magnetic field—the variation in H along the 
x-axis. With large enough “Mach numbers”: 

3 a) 


M-il >> H? 


3 (27.123) 


the velocity of the ions relative to the electrons (because of drift of the 
latter in a direction orthogonal to H and U) becomes greater than the 


thermal velocity of the electrons: Vo= V,a = a/ xT/m. Then, as we shall 
now see, “beam” instability appears relative to perturbations of the plasma 
wave type. 

When investigating the question of stability we can neglect the non- 
uniform nature of the plasma in the front of the shock wave if the length 
of the plasma waves A,,/2n ~ V,,/w, is small when compared with the 
“width” of a solitary wave ô ~ c/w, (i.e. Vpn < c), and the increase (or 
attenuation) time of the plasma waves | /Im w is far less than the time taken 
by the plasma to pass through the region occupied by the “solitons”: 


1 bee ô c vån Bo 
Imo U œr Mho ` 
If at the same time we neglect the effect of the magnetic field on the plasma 
waves, which is permissible at frequencies of w > w,,, then for investigating 
instability in the quasi-hydrodynamic approximation we can turn to the 


dispersion equation 





(27.124) 


o? wm 


at—K2V%, + mlo—kVocosO? T | O11) 


This equation is similar to (27.50), but the stream of electrons is replaced 
by one of ions; it can be obtained by the quasi-hydrodynamic method 
(allowing for the motion of the electrons and the ions). It is also easy to 
see that the dispersion equation (27.54) found kinetically changes into the 
relation (27.125)t if the parameters £, for the electrons and ions respec- 
tively are 

_ @ E, = w— kV cos O 

kVa? FO kV in; i 


+ This is not entirely accurate; when changing from (27.54) to (27.125) the factor 
3 VĀ appears in the latter instead of V2, (for reasons discussed in section 22). 


Še 
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and satisfy the inequalities 
JE2)>>1, |é?) > 1, (27.126) 


whilst the temperatures of the electrons and the ions are the same. These 
inequalities also establish the limits of applicability of the equation 
(27.125). 

Using the smallness of the ratio m/m, we shall look upon the second 
term from the left in (27.125) as a perturbation. Proceeding in a similar 
way to the solution of the equation (27.50) we obtain: 


1/3 2 1/6 
m yV 
l——— h 
2) ( v2 L i ROD 
where [kVo cos OP = w} +k?V%,. The cube root has three values, one of 
which (with Im œ < 0) corresponds to an increasing longitudinal wave. It 
follows from (27.127) that the phase velocity Vpn ~ w/k ~ V cos O; 
therefore the first of the inequalities (27.126) is satisfied provided that 
Vicos?@ > V2. (27.128) 
This criterion is also sufficient for satisfaction of the second inequality, 


which allowing for (27.127), (27.128) can be represented (dropping factors 
of the order of unity) in the form 





3 
œw ~ kVocosO+ vVio( 


i 


m\23 : m\18 
w? (7) > kV, or Vicos?O > V2, (=) 
i 


It is clear from what has been said that in the case of (27.123) in the 
front of a shock wave “beam” instability of plasma waves propagated in 
directions © for which cos?@ ~ 1 definitely occurs. Since the squares of 
the velocities figure in (27.128) the inequality (27.123) may be not partic- 
ularly strong. 

Another factor that ensures instability and amplification in the front of a 
shock wave in a plasma is the “anisotropy” of the electron temperature 
(Vedenov, Velikhov and Sagdeyev, 1961; Ginzburg and Zheleznyakov, 
1960). The anisotropy appears because of the change in the strength of the 
magnetic field in the shock wave, when the characteristic dimension of the 
inhomogeneity H (i.e. the “width” of the solitary wave) is less than the 
distance U/»,, over which the electrons lose their ordered velocity. The 
electrons in the plasma change their transverse (in relation to H) velocity V|, 
in accordance with the adiabatic invariant Vi /H = const, together with 
the change in the magnetic field strength in the shock wave front, whilst 
the dispersion of the longitudinal velocities remains constant. Therefore 
the “transverse” temperature rises as the field increases in the first solitary 
wave and then oscillates near a value corresponding to a field H* > Ho. 
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This, of course, holds over a range much less than U/»,,_ (from the begin- 
ning of the front); at a distance of the order of U/v.ş the temperatures even 
out because of collisions (the “anisotropy” disappears). 

The maximum degree of temperature “anisotropy” in this process (the 
ratio of the “transverse” temperature T', to the “longitudinal” 7) can be 
estimated if we remember, in accordance with the adiabatic invariant, that 
Tœ H: 





Tı Hmax 
Z5- x —= = 2M-—1 27.129 
( Tii Jaa Ho i ) 
(see (27.117)). The degree of anisotropy in the field H* is 
= _ H* ~14+~/14+8M? 
( Th one = 5 (27.130) 


(see (27.118)). For example for M ~2 the values of (T/T max and 
(T,/T,)* will be close to 3 and 2-37 respectively. 

The question of wave instability and amplification in a plasma under 
conditions when temperature “anisotropy” exists has been discussed in 
the preceding section. All that we shall say here (considering that in a 
shock wave p? =0, a /aj; =T, /T}) is the following: for values of the 
refractive index nı that are not too small, namely for 

a? Bu T L 
amc VTi mc? /x i 
when electromagnetic waves are propagated along the magnetic field 
(parallel to the front of the shock wave) case I (27.109) obtains. 
Instability and amplification of extraordinary waves then occur if 
On 1 
= — > —_______ 27.131 
Vee I- TT S 
(see (27.111) with Vii = 0 and p? = a’); the amplification coefficient 
will be 


n> 








2Vroi~m a} {on a? -H 

~ #1 = on a T (=a )-i}e i 

es A Me 1 (27.132) 

Er _ m (@- on)” 

k? af 
For electromagnetic waves propagated in a shock wave front at an angle 
to the field H (i.e. when æ # 0) the corresponding instability criterion and 
amplification coefficient can be obtained from the formulae (27.115), 
(27.116). 
The results given will be used in sections 31 and 32 when discussing the 

problem of the origin of types I and II solar bursts and of Jupiter’s sporadic 
radio emission. 
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Theory of the Sun’s Thermal Radio 
Emission 


Tuis chapter and the ones following discuss the present state of the very 
important and complex problem of the origin of solar radio emission. 

When discussing this problem it is best to divide the emission “mecha- 
nisms” in a high-temperature plasma (such as the solar corona and chro- 
mosphere are) into thermal and non-thermal and also into coherent and 
non-coherent—depending on the nature of the velocity (energy) distribu- 
tion of the emitting particles (Ginzburg and Zheleznyakov, 1960 and 1961). 

The emission mechanism is considered to be thermal if it is generated 
in a plasma layer with an equilibrium particle distribution; in the oppo- 
site case it is called non-thermal. The intensity of the thermal emission 
I, generally speaking, is not the same as the intensity of the equilibrium 
emission I): according to (26.19) I, ~ I only for an optically thick 
layer (t, >> 1), whilst for an optically thin layer (t,« 1) Z, = I® q) «1. 

In its turn the emission mechanisms can be divided into coherent and 
non-coherent as follows. If the resultant intensity of the emission leaving a 
given volume of plasma is 

L=}, 


where I 3 is the intensity created by a single elementary emitter (electron, 
atom etc.), then we shall call this emission mechanism non-coherent; in 
the case when 
>i 

we shall call the mechanism coherent. The inequality sign in the first relation 
between J, and J 3 allows for self-absorption (reabsorption) in the plasma. 
As we explained in section 27, under certain conditions, determined in 
particular by the form of the distribution function f(V), the reabsorption 
may become negative and the emission mechanism coherent. Therefore 
this definition of coherency is closely connected with the sign of the absorp- 
tion coefficient u, in the emitting system: p; > 0 corresponds to the non- 
coherent form and u; < 0 the coherent form of emission mechanism. 
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This definition differs slightly from that generally accepted since only 
emission whose intensity is equal to the sum of the emission intensities 
of the individual particles is generally called non-coherent. From this point 
of view the emission mechanism cannot strictly speaking be considered non- 
coherent when allowing for reabsorption in the actual system (which is 
necessary when its optical thickness is z, 2 1). However we shall give it 
this name even when there is noticeable reabsorption, leaving the term 
“coherent emission mechanism” only for the case of negative absorption 
(amplification) of waves in a plasma. This kind of demarcation is fully jus- 
tified since qualitatively new phenomena appear in the case u; < 0 (wave 
amplification is closely connected with instability and for an extensive 
enough system is limited to non-linear effects; see section 27). 

The sign and magnitude of u, are determined, generally speaking, not 
only by the nature of the velocity (energy) distribution of the emitting 
particles but also by the elementary emission processes (see section 27). 
Therefore the subdivision of emission mechanisms into coherent and 
non-coherent also depends on these two factors, whilst the subdivision 
into thermal and non-thermal is not connected with the elementary emission 
processes. Thermal emission is always non-coherent no matter what the 
nature of the emission processes since in an equilibrium plasma p, > 0. 

It was noted in section 26 that emission leaving a plasma is made up in 
principle of the following elementary processes: 


1. bremsstrahlung in close collisions of electrons with ions, i.e. in the 
process of free-free transitions of electrons in the Coulomb field of 
the ions; l 

2. magneto-bremsstrahlung during the helical motion of charged par- 
ticles in a magnetic field; l 

3. Cherenkov emission when charged particles are moving “faster than 
light” (at a velocity V > c/n,); 

4. transition radiation during the motion in a non-uniform plasma; 

5. emission of electrons in recombinations (because of free-free transi- 
tions) and monochromatic emission (in the process of transitions be- 
tween discrete levels in the atoms and molecules). 


To this, perhaps, we can add the emission which appears when there is 
a change in the plasma properties having a periodic nature or the nature 
of a “shock” which takes the plasma out of a state of equilibrium. 
In the first case we have in mind particularly the parametric excitation of 
electromagnetic waves during the passage of plasma waves;t in the second 


+ This mechanism has been studied by Stepanov (1963), Stepanov and Ostrovskii 
(1963); it has not yet been investigated under cosmic conditions. 
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emission in the process of :the eigen oscillations of the plasma in the 
front or behind the front of a shock wave. 

‘The five types of elementary processes given (which, generally speaking, 
may produce in combination both coherent and non-coherent emission) 
‘together with the emission caused by a change in the plasma parameters 
certainly exhaust all the possible mechanisms of radio emission in a high- 
temperature plasma. This makes it impossible to “invent” any new ele- 
mentary mechanisms of solar radio emission which are not included in 
this list. The basic problem in the origin of the Sun’s radio emission there- 
fore consists of “dividing” these components among the types of emission 
listed above, developing the quantitative theory of solar radio emission 
and using it to obtain fresh information on the physics of the Sun’s 
atmosphere by proceeding from the observed characteristics of the indi- 
vidual components of the solar radio emission and the physical conditions 
in the corona and the chromosphere. As will become clear from the 
contents of Chapters VIII and IX considerable progress has been made in 
the solution of this problem. 

The reservation should be made that the choice of emission mechanisms 
is actually far smaller. The point is that coherent mechanisms producing 
a significant rise in intensity appear only with definite particle velocity 
distributions. For Cherenkov emission and magneto-bremsstrahlung these 
distributions are quite simple in form and occur in the coronal plasma 
during the passage of a stream of charged particles, shock waves, etc. (see 
section 27). On the other hand, bremsstrahlung amplification is achieved 
apparently only with very special relations between the number of elec- 
tron collosions and the velocity. There is little probability that exceptional 
conditions of this kind can occur in the corona. 

The action of the transition emission mechanism has not yet been 
studied under solar conditions. It can be assumed that, all other things 
being equal, the part it plays will be insignificant when compared with the 
Cherenkov emission mechanism, above all because of the small gradients 
of the dielectric permeability in the corona and the chromosphere. It is not 
impossible, however, that further investigations of transition emission, 
particularly of the possibility of the creation of coherent transition emis- 
sion by streams of charged particles, may also be of interest to the theory 
of solar radio emission. 

The effects connected with transitions of free electrons to discrete levels 
of atoms and with transitions between these levels are not in practice 
reflected in the overall solar radio emission balance because of the low 
density of the Sun’s atmosphere. It is possible, of course, that we 
shall nevertheless succeed in finding in the spectrum of the Sun’s radio 
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emission emission or absorption lines caused by transitions between dis- 
crete levels, although at present the question of the presence of noticeable 
lines remains open (in this connection see sections 8 and 11). 

It becomes clear from what has been said why in future when inter- 
preting the solar radio emission we shall pay most attention to non- 
coherent bremsstrahlung and also to the coherent and non-coherent forms 
of magneto-bremsstrahlung and Cherenkov emission mechanisms. 


28. Theory of the “Quiet” Sun’s Radio Emission 


RADIO EMISSION MECHANISM 


The theory of the radio emission of the unperturbed Sun (the B-com- 
ponent) has as its main aim obtaining on the basis of a certain model of the 
solar corona and chromosphere characteristics of this emission component 
(frequency spectrum, radio brightness distribution over the disk, etc.) 
which agree with the observations. The model of the solar corona, of 
course, should correspond to the physical conditions in the chromosphere 
and the corona that are known from all the optical observations. In the 
case of a successful interpretation of the B-component it becomes possible, 
by analysing known data on the radio emission of the “quiet” Sun, to 
obtain fuller and more complete information on the distribution of the 
temperature and density in the corona and chromosphere, i.e. solve the 
problem which is the opposite of that set above. 

We must first of all answer the question of the radio emission mechanism 
of. the “quiet” Sun to fulfil this programme. It follows from the actual 
definition of the B-component as the minimum level of radio emission oc- 
curring in the absence of solar activity that this component is generated in 
a stationary solar atmosphere. The particle distribution in the coronal and 
chromospheric plasma is then close to an equilibrium (Maxwell) distribu- 
tion (see Pikel’ner, 1950); therefore the radio emission of the. “quiet” Sun 
is thermal in nature, no matter what the elementary emission processes, 
and therefore belongs to the non-coherent type of emission. 

It is clear from the introduction to this chapter that the mechanism of 
the B-component must be chosen from bremsstrahlung, Cherenkov and 
magneto-bremsstrahlung. However, the last two mechanisms must be 
rejected on the following considerations. The frequency of the magneto- 
bremsstrahlung œ ~ w,,(&/mc?)? (26.48) created by the electrons moving 
in the overall magnetic field of the Sun with a strength of Ho ~ 1 oe 
(wg ~ 2X10 sec™!) belongs to waves of A < 3 m (where the radio emis- 
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sion of the “quiet” Sun is largely observed) only for relativistic particle 
energies of & 2 5 mc?. However, the mean energy of the thermal motion of 
particles in the corona and the chromosphere is far less: pin S 1074 me. 

At the same time an increase in the particle energy kin ~ xT to energies 
greater than or of the order of 5mc?, i.e. one that is completely unjustified 
from the point of view of the data of optical observations of the kinetic 
temperature of the upper layers of the Sun’s atmosphere to values of 
T z 25X10 °K, is inefficient. In actual fact, a plasma heated to 
such a high temperature and generating emission with T,, <S 10° °K « 
T should be optically thin (t;< 1); in this case the magneto-brems- 
strahlung becomes strongly polarized because of the differing efficiency 
of the generation of ordinary and extraordinary waves by each indi- 
vidual electron. The radio observations, however, provide no indication 
of the presence of a considerable polarized component in the B-component 
(see section 8). 

As for the Cherenkov emission, its contribution to the intensity of the 
“quiet” Sun’s radio emission is negligibly small when compared with the 
contribution of the bremsstrahlung. This is connected in the end with the 
low efficiency of the transformation of plasma waves into electromagnetic 
waves, that leads to a weakening of the emission flux by a factor of hun- 
dreds of thousands (see section 25). The point is that both the bremsstrah- 
lung and Cherenkov emission mechanisms, while acting under the normal 
conditions of the solar corona, are able to raise the effective emission 
temperature T,, to the value of their kinetic temperature T ~ 10°-104 °K. 
The bremsstrahlung creates this kind of electromagnetic emission in layers 
from which it escapes without hindrance beyond the solar shell; on the 
other hand, the Cherenkov mechanism acts only in regions with n, > 1 
(n, is the refractive index); the plasma waves emitted here cannot leave the 
limits of the corona without preliminary transformation into electromag- 
netic waves (see sections 23, 25 and 26). This process sharply weakens the 
emission leading to T,_ when leaving the corona being much less than the 
plasma temperature in the generation region.t 

The idea of the bremsstrahlung mechanism and the thermal nature of 
the “quiet” Sun’s radio emission was put forward by Ginzburg (1946), 
Shklovskii (1946) and Martyn (1946). Two years later Martyn published 
a paper (Martyn, 1948) in which he predicted the presence of “brighten- 
ing” towards the edge of the Sun’s disk in the radio band. This effect, 
which can be checked experimentally, was an important criterion of the 
correctness of the hypothesis of the bremsstrahlung origin of the solar 


t The contribution made by bremsstrahlung of plasma waves to the B-component is 
insignificant for the same reason. 
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radio emission’s basic component. The existence of the brightening effect 
was later confirmed in numerous investigations of the radio brightness 
distribution over the Sun’s disk (see section 9). 

It must be pointed out that the calculations by Martyn (1948) were only 
approximate. More detailed investigations of the radio brightness dis- 
tribution over the solar disk and of the radio emission spectrum of the 
unperturbed Sun on the basis of definite models of the corona and the 
chromosphere were afterwards made in a whole series of papers (Hagen, 
1951; Panovkin, 1957; Reule, 1952; Scheffler, 1958; Unsöld, 1947; 
Denisse, 1949; Waldmeier and Miiller, 1948; Nicolet, 1949; Giovanelli, 
1948; Thomas, 1949; Burkhardt and Schliiter, 1949; Smerd, 1950a; 
Pikel’ner and Shklovskii, 1950; Coates, 1958). 


THEORY OF THE B-COMPONENT IN THE SIMPLEST MODEL OF THE 
CHROMOSPHERE AND CORONA 


Following Smerd (1950a) we shall first proceed from the simplest model 
of the solar atmosphere, assuming that the latter is a spherically symmetri- 
cal formation with a uniform distribution of the kinetic temperature in the 
chromosphere (T, = 104-3 104°K) and in the corona (T, = 5X105- 
3X 10° °K). The clear-cut boundary between the chromosphere and the 
corona is at an altitude of A = 104km from the photosphere. The variation 
of the electron concentration N(h) in the chromosphere at altitudes from 
5X10? to 10* km is of the form 


N = 5:7X 104 e—7'7x10-4 (k-50) electrons/cm3 (28.1) 


(h is in km). In the corona the function N(h) is characterized by the Baum- 
bach-Allen formula (1.1).t 

We notice that when discussing the emission and propagation of elec- 
tromagnetic waves in the corona and the chromosphere the effect of the 
Sun’s total magnetic field Hp ~ 1 oe in the part of the radio band of inter- 
est to us (A < 5 m) need not be taken into consideration in the first ap- 
proximation since the parameter 4/u = w,,/w characterizing this effect is 
small when compared with unity. However, in a more accurate investiga- 
tion and above all in the solution of the question of the polarization of the 
“quiet” Sun’s radio emission we cannot ignore the presence of this field 
(see Smerd, 1950b). 


t The same model of the corona was used by Reule (1952) when calculating the 
distribution of T, over the disk and the frequency spectrum; a model of the solar 
atmosphere close to this one was used by Pikel’ner and Shklovskii (1950) (see also 
Shklovskii, 1962, section 27) for obtaining the radio brightness distribution over the 
disk of the quiet Sun. 
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The trajectory of rays in this kind of spherically symmetrical medium 
depends on the distribution of the electron concentration and is defined 
by the formula (22.33) (see also Fig. 113), and the effective temperature of 
the thermal radio emission varies along the ray in accordance with the 
transfer equation, being given in the general case by the expression (26.17). 
The latter, however, can be simplified if we take into consideration the 
isothermal nature of the chromosphere and the corona in the model used: 
in accordance with (26.18) at a point / on a section of the ray located in a 
region with a uniform temperature T 


Te) = Tl —e7%)+e— Teg (lo), 


where 7.7(/o) is the effective temperature at another point on this ray and 
t; (j = 1, 2) is the optical thickness of the layer contained between the 
points / and Io: 


I 
TG = fu dl. 
do 


In the framework of the bremsstrahlung mechanism the absorption 
coefficient u; is caused only by collisions of electrons with ions; in an 
isotropic plasma it is determined by the value of the temperature and con- 
centration of the electrons (see the expression (26.74)). An element of the 
ray’s path length dl is given by the formula (22.32); when this is allowed 
for, the expression for the optical thickness becomes 


R 
PEN OEN (28.2) 


r2 
| ESE, 
nR? 


Here R and Ro are respectively the distance of the points / and Zo from the 
centre of the Sun. Therefore the effective temperature of bremsstrahlung 
escaping beyond the corona depends on the configuration of the ray in the 
corona and the chromosphere and the values of the absorption coefficient 
connected with collisions along this ray; in the final count it is determined 
by the distribution of the kinetic temperature and the electron concentra- 
tion in the Sun’s atmosphere. 

Ht is clear from the expression given above for T,, in a thermally uni- 
form medium that if the trajectory of the ray passes only through the co- 
rona (ray 1 in Fig. 150) the effective radio emission temperature at a point 
4 located outside the corona is 


Te = Te(1— e724"), (28.3) 


Ro 
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Here 21,(R*) is the optical thickness of the corona along ray 1; t (R*) is the 
optical thickness of half this ray—from the level R = R* (from the turn 
point) to departure from the corona. In accordance with (28.2) 


u(R) dR 
rz 
| I= n? R2 


If a wave passes through the chromosphere (ray 2 in Fig. 150), then by 
applying the relation (26.18) three times—on the sections DC in the co- 
rona, CB in the chromosphere and BA once again in the corona—it is easy 


T(R") = (28.4). 


R* 





Fic. 150. Simplest model of the Sun’s atmosphere: 1—ray passing only 
through the corona; 2—ray passing through the corona and the chromo- 
sphere. The figure is not to scale. 


to obtain the expression for T,, of emission leaving the corona (at the 
point A): 
Teg = T1 — e7 Ra) + Ten 07E, (28.5). 


In (28.5) t (Rn) is the optical thickness of the corona on the section BA 
(i.e. starting at the level Re, where the emission leaves the chromosphere. 
right up till it leaves the corona). In accordance with (28.2) 


u(R)dR 
r2 
y: — RR 
Reh 
In the expression given for Tẹ we have already allowed for the fact that 
34 515. 
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the chromosphere’s optical thickness (section BC) is practically always 
such that e~* < 1.t 

Calculations show (see section 26) that for radio waves whose trajecto- 
ries pass through the chromosphere (i.e. for decimetric and shorter waves) 
the optical thickness of the corona 7,(R,,) is small when compared with 
unity. Thanks to this circumstance the formula (28.5) becomes 


Tee ~ T.t(Ren)+Ten- (28.7) 


It is clear from this that the effective contribution of the corona to the 
emission received depends on the value of t,T,/T.n and may be significant 
even when t, « | (since the ratio T,/T,, is large). For example, for Ty, ~ 
3X104°K and T, ~ 10° °K the ratio 7,7,/Ta, 2 1 when t, 2 3X107?. 
In the centre of the solar disk values of this kind for the optical thickness 
of the corona obtain at wavelengths of à = 20 cm, and on the limb at 
wavelengths of A = 10 cm. It follows from this that in the millimetric band 
(and at the beginning of the centimetric) the corona is practically trans- 
parent and the observed radio emission comes largely from the chromo- 
sphere; its effective temperature is T e ~ T n ~ 104°K. As the wavelength 
increases further the part played by the corona becomes more significant 
and is accompanied by a gradual increase in the effective radio emission 
temperature. Finally, at metric wavelengths the radio emission is generated 
chiefly in the corona: the corona becomes optically thick (t, > 1) and the 
trajectories of the rays in this case, as a rule, avoid the chromosphere. Here 
T. Teaches its maximum value of T, ~ 10° °K. 

This kind of function T,,(A), obtained on the basis of the simplest iso- 
thermal model of the chromosphere and the corona, corresponds in its 
basic features to the observational data (see Chapter III). At the same time 
the obvious disadvantage of this model is that it cannot explain the com- 
plex behaviour of the frequency spectrum of the solar radio emission at 
millimetric wavelengths. 

Continuing the analysis of the model used for the solar atmosphere let 
us see what radio brightness distribution over the disk characterizes this 
model. Above all the 7,, distribution will have circular symmetry because 
of the modei’s spherical symmetry. Furthermore, it is clear from the 
formulae (28.3), (28.5) that no brightening effect can occur towards the 
edge of the disk if z, (r = 0) > 1, because in this case the central ray 
{r = 0) has the maximum possible temperature T., = T,. This obstacle 
disappears if z,(r = 0) < 1. Remembering that at metric wavelengths 


+ In the model of the chromosphere used this holds if the length of the section BC 
is greater than or of the order of 10? km. We recall in this connection that the extent of 
the chromosphere in altitude is 100 times greater. 
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Te > 1, whilst for shorter wavelengths t, < 1, we conclude that the effect 
of an increase in brightness, generally speaking, can be observed only in 
the centimetric and decimetric wavebands.t Here it is connected with the 
rise in the optical thickness of the corona 1,(r) (28.4) when moving from 
the centre of the Sun’s disk (r = 0) to the limb (r = R,) caused in its 
turn by the lengthening of the trajectory of radio waves in the corona (the 


increase in the length of the ray dl = dR/\/1—r*/n; R? in the layer 
R—(R+4dR)). 

These qualitative conclusions are confirmed by detailed calculations of 
the distribution of T,, of the radio emission over the Sun’s disk as a function 
of 2 and T, made by Smerd using the relations (28.3)-(28.6) and (26.74). 
The curves of 7,,(r) obtained in the A = 10cm to 5 m band for one value 
of the chromosphere’s temperature and three fixed values of the corona’s 
temperature are shown in Fig. 151. 

It should be pointed out, however, that with a high enough coronal 
temperature T, 2 10° °K brightening appears even at metric wavelengths 
(A = 1-5 m; see Fig. 151) because of the decrease in t, (r = 0) to values less 
than unity. (We recallin this connection that the absorption of radio waves 
in a plasma introduced by collisions is characterized by an optical thickness 
t, c T.) 

The position in the solar atmosphere of the regions which make most 
contribution to the intensity of the emission leaving the central part of the 
disk can be judged from Fig. 152 which shows the upper (h nax = Rmax — Ro) 
and lower (hmin = Rmin— Ro) limits of these regions. The value of Rmax 
here is chosen so that the overlying layers provide only 1072 of the total 
emission intensity. Rmin is the same as R* (the turn point) if the optical 
thickness is t(R") < 4-6; in the opposite case Rin is determined by the 


HenaxeAmin 

E 
10 h, 
10° 
10° Lent 
10 
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Fic. 152 Upper (hma) and lower (hmin) limits of effectively emitting re- 
gions of the Sun’s atmosphere in the centre of the disk at wavelengths of 
A=1cmto5m(Tu = 3X104°K; T, = 10®°K) (Smerd, 1950a). 


t See the end of this section for millimetric wavelengths. 
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Fic. 153. Variation of Tee with wavelength A at different distances r from 
the centre of the Sun’s disk (Tan = 3X 10*°K; T, = 10°°K) (Smerd, 1950a). 


relation 7(R,;,) = 46 in which e~* ~ 1072. It is not hard to draw the 
conclusion from what has been said that the altitude of the effectively 
emitting layer increases as the wavelength rises and as we move away from 
the centre of the Sun’s disk. 

The frequency spectrum of the quiet Sun’s radio emission T,,(A) for a 
given local region of the solar disk can be found in principle from the 
combination of distributions T,,(r) for different wavelengths (of the type 
shown in Fig. 151). This kind of function T,,(4), however, at different 
distances r from the centre of the disk can be followed more conveniently 
in the graphs of Fig. 153. 

For the purpose of direct comparison with the results of measuring the 
spectral radio emission flux S,(A) from all the unperturbed Sun as a 
whole (or, which is the same thing, the effective temperature Trol) 
reduced to the optical disk) it is also of interest to find the corresponding 
theoretical function T,, .(4). Knowing the radio brightness distribution 
over the solar disk, it is not hard to find the value of T ro from the relation 
(see (4.16)) 


1 
Tero = arg |T do. 


Here zR? is the area of the solar disk; the integral is taken over the whole 
area of the sky o where the effective temperature of the B-component is 
non-zero. In the case of a radio brightness distribution with circular sym- 
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metry this equation can be put as follows: 


Frc x | Tes (r)r dr. (28.8) 
RB 
0 

The frequency spectra T ¢o(å) calculated by means of (28.8) from known 
functions T,,(r) (see Fig. 151 in particular) are shown in Fig. 154. 

A comparison of the results obtained with the observable features of 
the “quiet” Sun’s radio emission convinces us that ‘the hypothesis of its 
thermal nature and the bremsstrahlung generation mechanism gives the 
correct idea of the basic features of the radio brightness distribution over 
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Fic. 154. Toto as a function of the wavelength A for ence chromosphere 

and corona temperatures. Solid lines—7T., = 3X10* °K, dotted lines—T., = 

104 °K. The values of T,x 107° are shown by the figures above the curves. 

The dots are some experimental values of Ty for the quiet Sun (Smerd, 
1950a). 


the disk and of the B-component’s frequency spectrum even within the 
framework of the simplest model of the solar atmosphere. For example, 
it explains: (1) the rise in the effective temperature towards the edge of the 
disk in the centimetric-decimetric band (including A ~ 1-5 m) and the 
monotonic curve of the radial distribution T,,(r) at longer wavelengths; 
(2) the great size of the “radio Sun” (when compared with the optical disk) 
in the metric band; (3) the increase of Two with a rise in wavelength from 
values around To, in the centimetric band to T, at metric wavelengths.t 

+ We note in passing that the best agreement of the theoretical and experimental 


functions Tn (A) is achieved if we assume that the chromosphere temperature is 
Ten = 104°K; when Tan = 3X104°K the agreement is worse (see Fig. 154). 
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At the same time on the basis of the theory developed above of the 
“quiet” Sun’s radio emission we cannot interpret a whole series of very 
important details of the frequency spectrum and the distribution of the 
radio brightness over the disk, namely: (1) the complex curve of the func- 
tion T.o(å) at millimetric wavelengths ; (2) the increase in the brightness of 
the central part of the disk at A ~ 1 cm; (3) the characteristic elongation 
of the radio-isophots in the equatorial direction (decimetric-metric band); 
(4) the absence of brightening towards the edge of the disk in the polar 
regions at 4 ~ 10-20 cm; (5) the displacement of the maximum of T,gş 
from the limb towards the centre of the solar disk as A rises at decimetric 
wavelengths; (6) the considerable decrease in T„g in the centre of the disk 
as J increases and the large effective radio diameter of the Sun at metric 
wavelengths when compared with the theoretical one. 


INTERPRETATION OF CERTAIN FEATURES IN THE DISTRIBUTION OF THE 
RADIO BRIGHTNESS OVER THE SUN’S DISK ON THE BASIS OF MORE COMPLEX 
MODELS OF THE CORONA AND CHROMOSPHERE 


The facts stated above, however, do not cast any doubt on the correct- 
ness of the hypothesis of the thermal nature and bremsstrahlung mecha- 
nism of the “quiet” Sun’s radio emission. They are indubitably caused only 
by the imperfection of the model of the solar atmosphere used abovet 
in which we ignore such very important features as the clear-cut non-iso- 
thermal nature and spicular structure of the chromosphere, the possible 
non-isothermal nature of the corona and the violation of the latter’s 
spherical symmetry connected with the fall in the density of the coronal 
material at high latitudes and with the presence of coronal inhomogenei- 
ties. 

Let us see what possibilities for the theory of the “quiet” Sun are opened 
up by allowing for these features. 

Above all it is clear that unless we take into consideration the scattering 
of radio waves on coronal inhomogeneities, then the cause of the significant 
decrease in the metric band of the effective temperature of the central 
part of the disk as the wavelength rises may be only the fall in the corona’s 
kinetic temperature with altitude (since for radial rays the optical thickness 
of the corona at metric wavelengths is greater than unity). Nevertheless, 


t The high degree of brightening at decimetric wavelengths (Fig. 151) obtained in 
theory when compared with the observed values (Fig. 23) cannot be entirely ascribed 
to the model’s drawbacks: it is quite possible (Smerd and Wild, 1957) that the data of 
the corresponding measurements are far too Jow because of the “smoothing” effect of 
the polar diagrams with insufficient angular resolution. This is also indicated by the 
systematically higher values of the degree of brightening found from eclipse observa- 
tions (see sections 5 and 9). 
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Fic. 155. Comparison of observed radial distributions of radio brightness at 

metric wavelengths with the theoretical ones: solid curves—O’Brien’s experi- 

mental data (O’Brien, 1953a), dotted lines—limits of possible observational 

errors, dashes and dots—results of calculating T.n(r) in the O’Brien-Bell 
model of the corona. 


according to O’Brien and Bell (1954), we cannot by merely changing T, 
simultaneously explain the decrease found in 7,, in the centre of the disk 
and the great size of the radio Sun in the metric band. It follows from Fig. 
155 that satisfactory agreement of the theory with the results of O’Brien’s 
observations (1953a) can be achieved if at the same time as there is a de- 
crease in temperature in the outer corona (1-2R, < R < 3R) as 
T, = 2X 10°(R/R.)~3 °K we increase the electron concentration in this 
region when compared with the Baumbach~—Allen distribution by putting 
N = 1-6X109(R/R,)~* electron/cm®. The increase in the optical thickness 
of the corona’s upper layers connected with this will lead to a slower 
fall in T,ş as we move away from the centre of the solar disk. 

The suggestions about the distribution of N and T in the corona just 
mentioned are not necessary, however. As Scheffler has shown (Scheffler, 
1958), the experimental results of O’Brien (1953a) can be explained well 
on the basis of a model of the corona with T, = const and a Baumbach- 
Allen distribution of the mean electron concentration N, if we allow for 
the presence in the corona of inhomogeneities that cause effective scattering 
of metric waves. This, on the one hand, increases the radio size of the Sun;t 
on the other hand, the T, in the centre of the disk, since the total radio 
emission flux obviously remains constant when the radio diameter increases 
because of scattering, decreases. Without dwelling on the details of the 
complicated calculation of emission from an irregular corona we shall 

ft In the presence of non-uniformities the slower fall of Ten as we move away from 


the centre of the disk may be connected not only with the scattering of the emission 
but also with the increase in the optical thickness t, ~ jn 2 dl when compared with the 
value of 7, ~ fay dl in the regular corona. This effect, however, was not taken into 


consideration ‘by Scheffler who assumed that in the corona the condition N?—(N)? « 
{NF is satisfied. 
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proceed direct to Scheffler’s results; they are shown in Fig. 156, which also 
gives the radial distributions of the effective temperature in the case of an 
isothermal model of the corona with a regular variation of the concentra- 
tion N(R) in accordance with (1.1). These distributions differ considerably 
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Fic. 156. Interpretation of the observed functions T,,,(r) in the metric band 
on the basis of a corona model with an irregular distribution of the electron 
concentration. Solid curves—theoretical distributions of radio brightness in 
a Baumbach-Allen isothermal model! with a regular N(R) curve; dashed line— 
O’Brien’s experimental results (1953a) normalized so that the radio emission 
flux from the whole Sun is the same as the value obtained from theory; 
dashes and dots—radio brightness distribution over the disk found with 
allowance made for the scattering of radio waves or coronal inhomogeneities 
(Scheffler, 1958). 


from those obtained by O’Brien (1953b), but at the same time the results 
of O’Brien (1953b) agree closely with the functions 7.,(r) found when 
scattering in the corona is taken into consideration.t 


+ It is clear from Fig. 156 that the agreement between experiment and theory be- 
comes fuller with a corona temperature of T, = 1-6 10®°K than with T, = 0-8 10°°K. 
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Unfortunately the later (and more accurate) results of investigations 
into the radio brightness distribution at metric wavelengths given in section 
9 have not yet been analysed from the point of view of their correspondence 
‘with one or other model of the corona. All that we shall say is that the 
distribution obtained by Firor in measurements at 2 = 1-45 m (Fig. 23) 
agrees closely with the distribution of Fig. 154 for the simplest model of 
the solar atmosphere with T, = 10° °K (Firor, 1956). In a corona model 
with an irregular electron concentration distribution this means that the 
effect of scattering of radio waves on the nature of the radio brightness 
distribution over the disk of the “quiet” Sun at A ~ 1-5 m is insignificant. 
Since the basic scattering at 1-5 m occurs in the inner layers of the corona 
we conclude that at low altitudes in the corona the true value of the degree 
-of scattering is smaller than that accepted by Scheffler. 

The characteristic displacement of the maximum in the radio bright- 
ness distribution at these wavelengths (from the limb closer to the centre 
of the disk) can be explained in the framework of the simplest model of the 
solar atmosphere by the effect of refraction. A specific feature of the travel 
of rays at à ~ 1-5 mis that the turning point R*, located in the chromosphere 
for central rays, reaches out into the corona for rays escaping beyond the 
‘solar shell at distances of r 2 0°6R,. Therefore as we move away from 
the centre of the disk 7,, first rises because of the increase in the optical 
‘thickness t,(R,,) read from the boundary of the chromosphere;f the latter 
in its turn is connected with the increase in the length of the ray in the 
‘corona (see (28.6)). However, after the turning point has moved into the 
-corona (which occurs at a distance r ~ 0-6R, from the centre of the disk; 
see Fig. 113) the effective temperature starts to decrease together with 
,(R*) because of the reduction of the ray’s length. Formally this is caused 
by a decrease in the integration interval in the formula (28.4), which in the 
case of an isothermal Baumbach-Allen corona is only partially compen- 
‘sated by an increase in the integrand together with r. 

A more complex problem is the interpretation of the considerable shift 
of the maximum of 7,,_ into the disk in the decimetric band (into the 
region r ~ (0-6-0-8)R, at A ~ 50-60 cm; see Figs. 19 and 20). An expla- 
nation similar to that given above is unsuitable here if the electron con- 
centration in the corona is given as before by the formula (1.1): refraction 
in the corona at 50-60 cm is insignificant and the turning point remains in the 
chromosphere right up to values of r ~ R, (see Fig. 113). This leads (in 
‘contradiction to the observations) to an increase in brightness at the limb 
and not inside the disk. 


+ OF course only if with r = 0 the optical thickness is z Rea) < 1, ie. with a high 
‘enough corona temperature (Fig. 151, A = 1-5 m). 
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The refraction effect will become sufficient for a shift of the radio 
brightness maximum into the region r ~ 0°6R, at A ~ 50 cm only ina 
corona whose density is 9 times higher when compared with the Baumbach- 
Allen distribution.t Such a high density is very improbable at a period of 
the corona’s minimum phase. If the shift is in reality less (according to 
Fig. 20 T,, at A = 60 cm reaches a maximum with r ~ 0-8R,), then the 
density should be only quadrupled. However, it is difficult to be reconciled 
with this rise. We note that from this point of view the shift of the maximum 
at A ~ 50-60 cm and brightening at A ~ 1-5 m cannot be observed simul- 
taneously; this statement can be checked experimentally. 

Another possible way of explaining the shift of the maximum radio 
brightness into the disk at decimetric wavelengths has been discussed 
by Panovkin (1957) on the basis of a more complex (non-isothermal) 
model of the corona with a maximum kinetic temperature Tmar in 
the layers R ~ (1-:1-1-3)R,. He proceeded from the following considera- 
tions. If at A ~ 50-60 cm near the Sun’s limb the corona’s optical thickness 
T, reaches unity in layers R ~ 1-3R, with a reduced temperature T, < 
Tmax» then closer to the centre of the disk the level 7,(R) ~ 1 will 
obviously move into deeper layers of the corona—first into the region 
R ~ (1-:1-1:3)R, with T, ~ Tmax» and then still lower into the region 
with T. < Tmax. Since the coronal levels at which z (R) reaches unity 
compose an effectively emitting layer with a T,, equal to the kinetic 
temperature T of this layer, it is clear from what has been said that a 
model of this kind can provide a complete explanation of the features of 
the radial radio brightness distribution with a maximum T7,, inside the 
disk. The high values of the optical thickness 


Te ~ fN?dl 


at A ~ 50-60 cm necessary for interpreting this kind of T,,(r) distribution 
are obtained by Panovkin (1957) by assuming the corona to be highly non- 
uniform (i.e. the ratio [V?—(N)?]/(W)? is large). 

It remains unclear, however, to what extent this model of the corona 
can be made to agree with the quantitative characteristics of the radio 
brightness distribution in the decimetric band, where the increase in the 
effective temperature of the solar disk connected with the rise in t, will 
be very considerable. For example, in the model of Panovkin (1957) when 


t The refraction is determined by the distribution of the value of the refractive index 
n, 2 in the corona. Therefore the displacement of the Ten maximum at å ~ 50 cm into 
about the same region of the disk as at A ~ 1-5 m will be achieved if the values of n, 2 
at decimetric wavelengths are the same as the values in a Baumbach-Allen corona at 
metric wavelengths. Since 1—nj, 2 œ N/w? ~ NA? (see (22.17)), we must increase N by 
a factor of ~9 for this case. 


525 


Theory of the Sun’s Thermal! Radio Emission [Ch. Vill 


interpreting the shift of the radio brightness maximum at å ~ 50 cm it is 
absolutely necessary that for the region r ~ 0-6R, where T,,_ reaches its 
maximum value the optical thickness of the corona t (R) should be 
greater than or comparable with unity. Then at å ~ 20 cm 1,(R,,) Z 
0-16t and therefore Ty > tT, 2 16105 °K (with T, ~ 10° °K). 
The estimate obtained is not less than three times higher than the observed 
values of Tq: according to Fig. 18a at A ~ 20cm Tyg ~ 5X104 °K for 
sectors of the solar disk at a distance r < 0-6R, from the centre. At metric 
wavelengths the enhanced values of t, will cause an increase in the radio 
diameter of the Sun when compared with Scheffler’s model based on the 
assumption of the low degree of non-uniformity of the corona which agrees 
well with observational results. These circumstances, however, are not 
particularly significant; it is probable that with a more careful choice of 
model parameters here satisfactory agreement can be achieved between 
the data of theory and experiment. 

As for the characteristic “elongated shape” of the Sun’s radio isophots 
along the equator which has been established from observations in the 
metric and decimetric wavebands, it may be connected with the consider- 
able decrease in the density in the polar regions of the solar corona when 
compared with the equatorial regions. In all probability this also causes 
the absence of an increase in brightness towards the edge of the disk in 
the directions of the poles at decimetric wavelengths which occurs when 
the rise in the corona’s optical thickness 

Te œ f N?dl 

The great length of a ray in the corona near the limb cannot compensate 
for the rapid decrease in t, because of the fall in the electron concentra- 
tion at high latitudes (see Christiansen and Warburton, 1955; Swarup, 
196la and 1961b).? It is quite natural that the differences from circular 
symmetry of the radio isophots gradually disappear with the transition 
from the short waves of the centimetric band where the part played by 
the corona in creating the “quiet” Sun’s radio emission becomes more 
and more meagre (see p. 516). 

In a theoretical treatment of the B-component in the metric and deci- 
metric bands where emission from the corona predominates we can limit 
ourselves to allowing very simply for the effect of the chromosphere in the 
framework of an isothermal and spherically symmetrical model of the 
latter (which has actually been done above). However when we move on 

t The absorption with n,,2 + 1 connected with collisions is proportional to 2? (see 
section 26). 


t The optical observations of the K-corona (section 1) indicate the decrease in the 
density of the coronal plasma in the polar regions. 
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to the centimetric and particularly to the millimetric wavelengths, at which 
the chromosphere makes the major contribution to the “quiet” Sun’s 
radio emission, this kind of model becomes inadequate. It is quite clear 
that it cannot be used to explain either the complex curve of the function 
Teg (A) in the millimetric waveband (with a minimum at å ~ 6 mm and 
a maximum at A ~ 4 mm; see Figs. 9 and 10) or the particular distribution 
T(r) established from observations at A = 8-6 mm (with an increase in 
the brightness on the limb and at the centre of the disk; see Fig. 14). In fact 
the contribution from the corona here is negligibly small and the isother- 
mal, optically thick chromosphere over the whole millimetric band and at 
all points on the disk generates radio emission with the same effective 
temperature Tee = Toan- 

It is easy to explain brightening on the disk if we remember (in full 
accordance with the data of optical observations) that the temperature of 
the chromosphere rises as we move away from the solar surface. Then 
Tq of the radio emission will increase from the centre of the disk towards 
the edge since as r rises the effectively emitting region moves into the 
higher and more strongly heated layers of the chromosphere. 

The more complex curve of the radial distribution T,ẹ(r) at 4 = 
8-6 mm in the framework ofa spherically symmetrical model of the chromo- 
sphere may be caused only by the non-monotonic dependence of the 
kinetic temperature T on the altitude # in the layers which are responsible 
for creating the observed radio emission. The minimum of T,, at a dis- 
tance of r ~ 0-9R, occurs provided that at the altitudes where the radio 
emission is generated that escapes from a ring of radius r ~ 0-9R, there 
is a minimum of the kinetic temperature T. The enhanced values of T in 
the lower layers of the chromosphere will then cause an increase in bright- 
ness towards the centre of the disk and the high temperature of the upper 
layers brightening on the limb. However, the assumption about this law 
governing the variation in T in the layers of the chromosphere under dis- 
cussion does not apparently correspond to the truth since in the opposite 
case the frequency spectrum of T.¢o(A) ~ Teg(A)t should have a mini- 
mum in the region of å ~ 8-6 mm. The known experimental data (Figs. 9 
and 10) rather indicate a steady increase in the effective temperature with 
wavelength, although the absence of measurements in the millimetric band 
at A > 8-6 mm does not allow us to state this absolutely categorically. 

The assumption of the non-monotonic temperature distribution in the 


+ Since in the millimetric band the degree of non-uniformity in the distribution of 
Ten over the disk is comparatively small and the size of the radio Sun is close to the 
size of the optical disk, making these temperatures identical will not produce a large 
error. 
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chromosphere becomes unnecessary when interpreting the observed func- 
tion T,,(r) at the end of the millimetric band,t if we take into considera- 
tion the fine structure of the chromosphere—the presence of cold spicules 
disseminated in a hotter gas (section 1). It is easy to check that this kind of 
two-component model of the chromosphere introduced by Hagen (1956 
and 1957) into the theory of the “quiet” Sun’s radio emission agrees 
qualitatively with the observed function 7,,-(r) at the end of the milli- 
metric band. 


T 
E 


3 
= þe- 
2100 km Spicules 


Fic. 157. Hagen’s model of a two-component chromosphere (Hagen, 1956 
and 1957). 


In actual fact for the sake of simplicity let all the spicules have the form 
of cones with the same height and base diameter, the axes of the cones 
running vertically in relation to the solar surface (Fig. 157). Then in the 
centre of the disk the radio emission is created by the upper parts of the 
cold and dense spicules and by the deeper-lying layers of the hot and rare- 
fied interspicular material. A contribution to the effective temperature 
averaged over the structural elements is made by kinetic temperatures of 
both regions mentioned, taken with an appropriate weighting which 
allows for the relative area of the emitting layers in the projection onto 
the solar disk. Nearer to the edge of the disk the spicules, being inclined 
to the line of sight, partly screen the emission from the hotter regions, 
increasing the relative contribution of the cold spicules to the value of 
T.e- This leads to a decrease in the effective temperature as the distance 
from the centre of the disk increases. However, in the immediate vicinity 
of the limb a sharp increase in T,g starts once again. Here it is connect- 
ed with the rapid increase in the path travelled by the ray in the hot 
component above the spicules corresponding to the rise in the optical 
thickness and the intensity of emission from the upper layers of the 
chromosphere. 

The radio brightness distribution in the millimetric waveband expected 
on the basis of a two-component model of the chromosphere has been 

t We cannot do without this assumption, however, if we wish to explain the form of 
the frequency spectrum of the “quiet” Sun’s radio emission at millimetric wavelengths. 
The complex nature of the observed variation of T.:(A) undoubtedly indicates the non- 
monotonic nature of the dependence of the mean temperature over the structural ele- 


ments on the altitide in the layers of the lower chromosphere responsible for creating 
radio emission at A ~ 4—6 mm (see next section). 
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calculated by Coates (1958d) and Athay (1959) (see also Thomas and 
Athay, 1961). The first of them approximated the spicules by cylinders. 
1-5 10° km in diameter and from 3X 10? to 1-8X 104 km high, assuming. 
that the spicules are randomly distributed over the solar surface. The 
nature of the height distribution and the dispersion of their orientations. 






N, electrons/em? 
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Fic. 158. Variation of the kinetic temperature (a) and electron concentration 
(b) in Coates’s two-component model of the chromosphere (Coates, 1958d): 
I—in spicules, II—in the interspicular material. 


relative to the radial directions were chosen by proceeding from the data 
of optical observations. The dependences of the temperature T and the 
electron concentration on the altitude above the photosphere A in the 
spicules and in the interspicular material used in the calculations are shown. 
in Fig. 158. The temperature of the interspicular material at altitudes 
h ~ (2-4)X 10? km (T = 1-9X 104 °K) and the temperature of the spicules. 
(T = 6-4X 10% °K) were selected so that the results of radio observations 
were best satisfied; at the same time the variation in the temperature with 
altitude in the regions between the spicules agrees in general outline with 
the optical data (section 1). The values of the electron concentration were 
found from the relation p = 2NxT from known values of the temperature 
on the assumption that the pressure p in the chromosphere is the same in 
the spicules as well as in the interspicular space and does not vary with 
altitude.t 


t For the values taken for T and N the absorption coefficient 4,2 at A = 8-6 mm is 
10-*—6x10-* cm=! in the spicules and 10-*—2>%107'5 cm~! in the interspicular 
material. (These values of xı, are given for altitudes of h ~ 2x 10?—1-8x 10 km 
above the level of the photosphere.) It follows from this that the optical thickness tı, 2 
in the spicules reaches unity over a path of only 10-200 km; if we remember that the 
diameter of the spicules is 1500-2000 km and 7z, , ~ 4?, it becomes clear that the spicules 
remain optically thick right up to wavelengths of ~ 3 mm. The interspicular material, 
on the other hand, is transparent: the optical thickness reaches unity only at altitudes 
of about 2600 km (for A = 8-6 mm). 


529 


Theory of the Sun’s Thermal Radio Emission (Ch. Vill 


The results of calculating the radial distributions 7,,,(A) in the milli- 
metric band are shown in Fig. 159. A comparison of the theoretical func- 
tion T,_(r) at A = 8-6 mm with the experimental one (Fig. 14) shows that 
the spicular model of the chromosphere is in close agreement with the 
experimental data on the distribution of T,, over the solar disk at A = 
8-6 mm. Here the theoretical distribution will correspond within the limits 
of the possible measurement errors to the observational data if the values 
of the temperature in the chromosphere remain within the limits marked 
by the dotted lines in Fig. 158a. 

At A = 4-3 mm the curve from scanning the Sun with a radio brightness 
distribution in the form of Fig. 159 is the same (within the limits of meas- 


Ten, K 
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Fic. 159. Theoretical distribution of the radio brightness over the Sun’s disk 
in Coates’s model (19584). 


urement errors) as the similar experimental curve obtained by Coates 
(1958b) (see section 9). This, however, does not prove the presence of 
brightening on the limb following from the model of the chromosphere 
under discussion since the uniform distribution T,,(r) also agrees well with 
experiment. Below we shall show that, to judge from the data on the 
nature of the radio emission’s frequency spectrum T,,(A) at millimetric 
wavelengths, in the region of A ~ 5 mm we can expect not an increase but 
a fall in the radio brightness on the Sun’s limb. 

We shall not discuss Athay’s two-component model in detail (see Athay, 
1959; Thomas and Athay, 1961). All that we shall say is that he proceeded 
from the model of Athay and Menzel (1956) which was compiled from the 
optical data and then modified by Thomas and Athay (1961). A number of 
parameters in this model, which were determined very roughly in experi- 
ment, were considered to be unknown; they were chosen so as best to 
‘satisfy the data of radio obsérvations—a radio brightness distribution at 
A = 8-6 mm and a steadily rising value of T„« in the centre of the disk at 
A ~ 4 mm-21 cm. The model obtained in this way differs significantly 
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from Coates’s model in the number of spicules and the temperature distri- 
bution; it also differs quite considerably from the original model (Athay 
and Menzel, 1956) which, as was pointed out by Shklovskii and Konono- 
vich (1958), does not agree with the radio data. 


CONSTRUCTION OF 4 MODEL OF THE SOLAR ATMOSPHERE FROM RADIO DATA 


In the preceding subsections we have discussed the question of how far 
the different models of the Sun’s atmosphere based chiefly on the results 
of observations in the optical part of the spectrum satisfy the known ex- 
perimental data on the radio emission of the “quiet” Sun. We have been 
able to check that the idea of the thermal nature and the bremsstrahlung 
mechanism of this emission correctly conveys its basic features if we pro- 
ceed from the information provided by optics on the structure and thermal 
conditions of the Sun’s atmosphere. Therefore agreement with radio ob- 
servational data may be a criterion of the correctness of one or another 
model of the Sun’s atmosphere. 

An obvious disadvantage of the above theory is the absence of a single 
model of the solar corona and chromosphere in whose framework succes- 
sive argument of these concepts about the origin of the B-component 
would lead to a frequency spectrum and radio brightness over the Sun’s 
disk corresponding to the observations. The agreement of the rather 
variegated models discussed (in each of which those characteristics of the 
solar atmosphere were stressed which were necessary for interpreting one 
or another feature of the “quiet” Sun’s radio emission) and their combina- 
tion into a unified model of the solar atmosphere is a far from simple 
problem. Considerable help in this respect may be provided (and is pro- 
vided) by the solution of the converse problem of finding the parameters of 
the corona and chromosphere from the observed characteristics of the 
“quiet” Sun’s radio emission. 

In principle this problem can be stated as follows. At each point on the 
Sun’s disk (and its immediate neighbourhood in the sky) let the function 
T.g(A) be known.t We must find the distribution of the temperature T 
and the electron concentration N in the corona and the chromosphere—the 
two parameters which fully define the intensity of the “quiet” Sun’s radio 
emission. The problem formulated in this way is ambiguous: from a known 
function of three variables T,,(A, 6, £) here we cannot find two functions 
of three variables T(R) and N(R) (6, € are angular coordinates in the sky, 


t We are ignoring here the circumstance that in reality the information available at 
present about the “quiet” Sun’s radio emission is much more meagre: all that have been 
defined comparatively reliably are the radio brightness distributions for a small set of 
wavelengths and the frequency spectrum of the whole Sun 7ytq(A) (see Chapter III). 
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R is the radius vector of a point in the Sun’s atmosphere).t It is clear 
from what has been said that by proceeding from the radio data we cannot 
at the same time also ignore the results of optical observations: only by 
combining them can we construct a model of the Sun’s atmosphere that is 
adequate for the facts. 

In the papers devoted to the question under discussion (see Hagen, 
1951; Piddington, 1950; Shklovskii and Kononovich, 1958 ; De Jager, 1960; 
Piddington, 1954; Brooks and Oster, 1961; Zheleznyakov, 1964 d) the 
simpler problem is solved of finding the temperature distribution T(A) 
from the function 7,,(A) at the centre of the disk known from radio obser- 
vations (h is the altitude above the photosphere). According to (26.17b) 
in this case the effective radio emission temperature is 


TL 
Tes = | T(h)e™* dr, (28.9) 
0 


where 1, is the optical thickness along the ray from the reflection point 
nı, (w) = 0 (i.e. from the level at which w = ,) until escape from the 
corona, t is the current value of the optical thickness from the altitude A 
until escape from the corona: 


(h) = f ug) dh. (28.10) 
h 


The bremsstrahlung absorption coefficient p is of the form 


_ 058a N%*h) 
+= ma TPO en 


(see (26.74), (26.78) and (26.79)). Here a is the logarithmic factor that fig- 
ures in the expressions for the effective number of collisions »,, and is 
weakly dependent on the quantities T and N. 

The relation (28.9) together with (28.10) and (28.11) is a complex integral 
equation in T(h), whose precise solution in analytical form (with a given 
electron concentration on the basis of optical data) is very difficult. The 
calculation becomes simpler, however, if instead of N(h) we take the 
dependence of N2/T?? on altitude. In accordance with (28.10) and (28.11) 
this function determines the connection between t and k if a ~ const and 
n,,2~ 1; the latter is quite permissible in layers of the corona and chromo- 


t In practice from experiment we can obtain only the function 7.4,(A, 0, £) averaged 
over the fluctuations of the effective temperature connected with the fine structure of the 
Sun’s atmosphere (spicules and coronal inhomogeneities). As a result we lose the data 
on the scale of these non-uniformities and the arbitrariness in the choice of the distribu- 
tions T(R) and N(R) that agree with experiment becomes stil] greater. 
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sphere responsible for generation of radio emission at wavelengths of 
à Ss 1 m.t This fact was used by Piddington (1950, 1954) (see also Shklov- 
skii and Kononovich, 1958)) for calculating the kinetic temperature in the 
upper chromosphere. 

Approximating the radio emission spectrum of the “quiet” Sun in the 
range from 4 ~ 4cm to A ~ 1-5 m by the function? 


Tea(o) = 2. >, (28.12) 


where b = 9:4 10 degrees per cycle per second (see (8.2)), we obtain 
the integral equation for T in the form 


bo = f Teo da, (28.13) 
h 
where 
a = 0°58 J Lua dh (28.14) 


((see (28.9)28.11)). In the change from (28.9) to (28.13) the limit qt, is 
replaced by infinity since in the range of wavelengths of interest to us t, > 
1. The relation (28.13) can be looked upon as a Laplace transform for 
T; it follows from this that 





b 
T = —, 28.15 
Ja (28.15) 
i.e. 
oo -12 
5 N? 
T(h) = 1,2-10" (e | a a) (28.16) 


The range of temperatures T in which this expression is valid corresponds 
approximately to the range of effective temperatures Tẹ ~ 2X 104—7-5 x 
105 °K in which an approximation like (28.12) is permissible. 

When using (28.16) to find T(h) Piddington based his work, on the optical 
observations of Wildt (1947), according to which in the chromosphere at 


+ At these wavelengths the effectively emitting layers with z(h) < 1 are located far 
higher in the Sun’s atmosphere than the levels n,, (w) = 0. 

} This function differs from the approximation in the form Tes = a+5/w used by 
Piddington (1950, 1954). However, for this range of wavelengths a « b/w and the first 
term may be neglected. The difference becomes noticeable in the millimetric band where, 
however, both approximations become unsuitable: as we showed in section 8, the 
frequency spectrum of the solar radio emission in this band is more complex in character. 
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altitudes h from 1-5 108 to 10° cm 


paw ~ 14X 1010e712x10=h, (28.17a) 


Then 
T(h) ~ 2:1 X 102e%8x10% degrees. (28.18a) 


In the change to the last expression the logarithmic factor a is taken to be 
equal to 8-5 (see the formula (26.78)) with T ~ 105 °K, N ~ 10" electrons/ 
cm?). It follows from (28.17a) and (28.18a) that 


N(h) = 66X 10%e—915X10"% electrons/cm?, (28.19a) 


which differs considerably, for example from the distribution (28.1). This 
is not surprising since the accuracy of the information about the quantity 
NeT? leaves much to be desired. For example, if we proceed from the 
data of other radio observations (Athay et al. 1955) (in the continuous 
spectrum near 2 = 4700 A), according to which in the chromosphere at 
altitudes h > 2:5 108 cm l 


2 
-Ar ~ ITX 107e175x10 (28.17b) 


(see Shklovskii and Kononovich, 1958), then 
T(h) ~ 50e%875x10-» degrees, (28.18b) 
N(h) ~ 1:1X10e—022x10"% electrons/cm?. (28.19b) 
For constructing a model of the Sun’s atmosphere we can use instead 
of the dependence of N?T-¥2 on h the optical data on the distribution of 
the concentration N, although in this case the problem of finding T(h) 
from the integral equations (28.9)-(28.11) becomes much more complicated. 
The following approximate and very simple method for its solution (Zhelez- 
nyakov, 1964d) can be suggested, however. We replace the relation 
(28.9) by the approximate equality 


Tea(4) = T(h"), (28.20) 


in which h" is the altitude where 
a(k") = f uh) dh = 1; (28.21) 
Re 


the quantity h* obviously depends on the wavelength A. Substituting the 
expression (28.11) in (28.21), we obtain: 


eo 


f 0:58aN? „ _ 4n?e? 





dh 


Tn 1.2 Az 
he 


(28.22) 
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The factor nı, 2 here can be dropped for waves in which with sufficient 
accuracy 71,2 (h 2 h*) = 1. Then differentiating the equality (28.22) with 
respect to h*, we obtain: 
pan 8n? dh 
h=h* 


Tal 


43 dh’ 
which with allowance made for (28.20) gives: 


822? 


0-58(aN*),ane dh* = a TPO) dA. (28.23) 


Integrating once more we arrive at the equalityt 





h* a 
3/2 
0:58 | aNdh = $?c? f THO a, (28.24) 


The parameter a depends on N and on T; however, this dependence is 
weak and it may be neglected entirely. The equality (28.24) defines the 
connection between h* and A, which can easily be found graphically if we 
know the functions N(k) and T.,(A). This connection together with the 
equality (28.20) allows us to obtain the height distribution of the temperature 
T(h*).t 

The limits of applicability of the above method for calculating 7(h) is 
determined by the conditions under which the replacement of the precise 
relation (28.9) by the approximate equality (28.20) becomes correct. In 
section 26 we have noted that this operation is permissible only if the ob- 
served radio emission is generated chiefly in layers with an optical thickness 
of z(h) ~ 1. For the “quiet” Sun’s radio emission this kind of procedure 
will lead to considerable errors in the decimetric band, where we cannot 
neglect the imposing contribution made by the optically thin corona which 
is at a high temperature (see (28.7), and below).§ However, in the milli- 
metric band the accuracy of this method is not very high, so that a better 
analysis is needed to obtain reliable quantitative data. 


+ Here and in the integrand we have replaced h* by A. 

ł De Jager (1960) suggested another method for finding 7(A) from known Ty(A) 
and N(h) based on the application of the theorem of the mean to the integral (28.21); as a 
result the function T(#) is obtained by the method of successive approximations. This 
method of calculation is clumsier than that given. In addition, it is definitely unsuitable 
in the case when 7.4,(A) has a sharply non-monotonic character (for example, at milli- 
metric wavelengths). 

§ In the decimetric band we can assume (as was done above) that TJ. is inversely 
proportional to the frequency w and use the relation (28.16) for calculating T (A). 
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The distribution of the kinetic temperature in the chromosphere has 
been found by this method by Zheleznyakov (1964d). The function 7(h) 
in the lower chromosphere obtained there is shown in Fig. 160. In the 
calculation allowance was made for the latest experimental data on the 
complex behaviour of the function 7,,(A) at millimetric wavelengths, 
it being taken for the sake of definition that the frequency spectrum here 
is the same as the curve in Fig. 9. From the qualitative point of view this 
curve correctly characterizes the actual function Ty,(4) = Tego(A) at 
millimetric wavelengths, although in the quantitative respect it undoubtedly 
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Fic. 160. Kinetic temperature T in the lower chromosphere as a function of 

the altitude A obtained by Zheleznyakov (1964d) on the basis of results 

of measurements of the frequency spectrum of the “quiet” Sun’s radio emis- 

sion T.uo(4) provided that the electron concentration in the chromosphere is 
distributed as (28.25) 


needs to be made more accurate; for this purpose we can adduce Kislya- 
kov’s results in the range A ~ 3-5-7 mm obtained by the unified method (see 
Fig. 10). The function T,,(A) in the centimetric—decimetric band was taken 
with allowance made for Fig. 11; the values of T,, in these bands still make 
a noticeable contribution to the integral 

a 


faeTH#@ aa 


when calculating h*(A) at millimetric wavelengths. 

The electron concentration distribution in the chromosphere for h < 104 
km was taken in the form 

N(A) = exp (ah? +Bh+y); (28.25) 
this function with 
= 5-8 10728 cm~?, = —1:28X 1078 cm7!, y = 27-24 

gives a good approximation to the dependence of the electron concentra- 
tion on altitude shown in Table 1 (section 1) for the cold elements of the 
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lower chromosphere and the interspicular material of the upper chromo- 
sphere. The contribution of the higher layers of the Sun’s atmosphere to is 
he 
f N? dh 
insignificant when calculating the function k*(2) at millimetric wavelengths. 

If we remember that Table 1 determines only a “working” model of 
the chromosphere, it becomes clear from everything that has been said 
that the graph of T(h) in Fig. 160 is to a certain extent illustrative in nature; 
more and more extensive investigations into the solar emission in the radio 
and optical parts of the spectrum are definitely necessary to make it more 
accurate. 

The values obtained for the kinetic temperature actually characterize 
a certain averaged? distribution 7(h) over the chromosphere’s structural 
elements since the experimental values of T,,(A) actually relate to the whole 
disk or to its parts that include a large number of chromospheric inhomo- 
geneities. Therefore the shape of the curve 7(/) in Fig. 160 depends simulta- 
neously on the altitude distribution and temperature and the relative area 
occupied on the Sun’s disk by the hot and cold elements (to be fair, without 
allowing for differences between electron densities in these elements). The 
complex, non-monotonic curve of T(h) with a minimum at an altitude h ~ 
3-3 10° kmt will really be connected with the complex height function of 
the kinetic temperature within each element, if the relative area of the hot 
elements is constant or rises together with the altitude. If this area decreases 
rapidly enough in the range k ~ 3-0-3-3 x 10° km, the results of measure- 
ments of the frequency spectrum at millimetric wavelenghts, generally speak- 
ing, can also be explained even when the temperatures in the cold and hot 
elements rise monotonically with altitude. It is still unclear which possibility 
is the true one. We can apparently count on a certain choice only after 
further experimental and theoretical investigations of the solar chromo- 
sphere. 

No matter what the actual causes of the non-monotonic curve of the 
averaged temperature T(k) in the lower chromosphere are, this very fact 
leads to an interesting consequence touching on the radio brightness 
distribution over the Sun’s disk. On the falling part of the spectrum (i.e. 
in the region 4 ~ 5 mm), unlike the rest of the millimetric band, we must 
expect not brightening but a fall in the radio brightness on the Sun’s limb. 
The point is that at these wavelengths the radio emission is generated in 


t It is not difficult to see that this averaging is carried out over the level r = 1 which, 
however, is located at a different altitude in the cold and hot structural elements of the 
chromosphere. 

t The existence of this minimum was indicated in the paper by Zheleznyakov (1958a). 
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layers where the mean temperature decreases with altitude; since on the 
limb the effectively emitting region where t ~ 1 is located in higher (and 
colder) layers than in the central part of the disk the effective radio emis- 
sion temperature at the edge of the disk decreases. This effect still awaits 
experimental confirmation. 


29. Origin of the Slowly Varying Component of the Sun’s Radio 
Emission 


THERMAL NATURE OF THE S-COMPONENT OF THE SPORADIC RADIO EMISSION 

Unlike the “quiet” Sun’s radio emission there is no basis for interpreting 
the sporadic radio emission at metric wavelengths as thermal emission of 
active regions of the corona, since to create emission with an effective tem- 
perature of up to 10°-10!° °K and above, the plasma must be heated to 
the same temperatures which are three orders or more greater than the 
normal temperature of the corona T ~ 10° °K. At the same time we are 
quite justified in explaining the slowly varying component (the S-compon- 
ent) at wavelengths of A ~ 1-30 cm with moderate values of Tg S 10° °K 
as thermal radio emission of regions of the corona located above centres 
of activity (groups of sunspots and flocculi). These active regions are 
characterized by enhanced values of the electron concentration N, magnetic 
field strength Ho and, probably, kinetic temperature T when compared 
with the surrounding regions of the corona (see section 2); the value of 
T lies apparently between the limits (1-3) x 10° °K. 

The observed upper limit T,, ~ 1-510 °K of local sources of the 
S-component (according to the data of Christiansen and Mathewson 
(1959) at a wavelength of A = 20 cm; see section 10) can be explained 
naturally from this point of view by the fact that T,, cannot be greater 
than the emitting layer’s kinetic temperature. For example, the intensity 
and effective temperature Of the eigen emission escaping from a thermally 
uniform (T = const) layer of magnetoactive plasma into a vacuum are 
respectively 

hL = HOUd—e-), Teri = TU-€7) (29.1a). 


for an extraordinary wave and 

I = 12(—-e7*), Tere = TU—e7*) (29.1b) 
for an ordinary one (see (26.14) and (26.18)). Here 19 = wT /8x5c? 
is the intensity of equilibrium emission in a vacuum fora single polariza- 


tion, t, > is the optical thickness of the emitting layer. It is clear from this 
that T, < T if the optical thickness of the layer for ordinary or extra- 
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ordinary waves is 7}, < 1 and Tg ~ T with t,,, 2 1. According to the 
expression given for T.g,,, the presence of a clear-cut boundary for the 
effective temperature of the S-component is an indication that the optical 
thickness T}, a in the emitting region reaches values greater than or of the 
order of unity. 

The effective temperature of the isothermal layer depends only on the 
optical thickness t,, . (and, of course, on the kinetic temperature T). In the 
regions of the corona and the chromosphere from which the high-fre- 
quency electromagnetic waves escape without hindrance beyond the Sun’s 
atmosphere the optical thickness 7}, », as has been shown in section 26, is 
largely determined by the absorption in collisions of the electrons with the 
plasma ions and by the gyro-resonance absorption of electrons in the 
magnetic field: 

Tio = Metts = f (uated, (29.2) 


where dl is an element of the ray trajectory, 4, is the energy coefficient 
of absorption; integration is carried out along the ray in the plasma 
emitting layer. The first type of absorption is connected with bremsstrah- 
lung of electrons in the process of accelerated motion of the latter in the 
Coulomb field of the ions. The second type of absorption occurs in layers 
where w ~ sw, (s = 1, 2, 3,...); it is connected with the magneto-brems- 
strahlung (gyro-frequency emission) of the electrons during their accelerated 
motion in the magnetic field. 

It has been assumed in the majority of papers on the theory of the slowly 
varying component (Piddington and Minnett, 1951; Pawsey and Yabsley, 
1949; Lehany and Yabsley, 1949; Waldmeier and Müller, 1950; Denisse, 
1950) that the optical thickness t}, of the local source of radio emission 
is connected only with absorption due to collisions and therefore the 
component under discussion is the bremsstrahlung of the corona’s active 
regions. According to Waldmeier and Müller (1950) the intensity of the 
bremsstrahlung in these regions arises because of the high concentration 
of electrons in the so-called coronal condensations; Lehany and Yabsley 
(1949), Denisse (1950) explain the enhanced level of this emission by the 
effect of the local magnetic fields on the quantity Ts: Piddington and 
Minett (1951) combine both these points of view. It should be pointed 
out that Waldmeier and Miiller’s ideas about the origin of the S-component 
have been accepted by others (see, e.g., the papers by Newkirk, 1959, 
1961; Kawabata, 1960a). 

On the other hand, it was noted by Zheleznyakov (1959a), Ginzburg 
and Zheleznyakov (1959a) that in the conditions of the solar corona the 
optical thickness of the gyro-resonance layers where œw ~ Wy, 20g, 30 x is, 
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generally speaking, comparable with unity or much greater (for more detail 
see the subsection of section 26 about gyro-resonance absorption in the 
corona and the results given below). This provided a basis for stating 
(Zheleznyakov, 1959a; Ginzburg and Zheleznyakov, 1961) that the mag- 
neto-bremsstrahlung of the coronal electrons at frequencies equal to or 
multiples of the gyrofrequency w, may prove to be very significant when 
interpreting the slowly varying radio emission. 

It becomes clear from what has been said that the basic question in 
the theory of the S-component is what emission mechanism (bremsstrah- 
lung or magneto-bremsstrahlung) makes the major contribution, and 
under what conditions, to the observed thermal emission of the local 
sources connected with the centres of activity. To answer this question we 
must obviously analyse the action of both mechanisms depending on the 
actual conditions in the lower layers of the solar corona above the spots 
and flocculi and see how far the expected characteristics of the bremsstrah- 
lung and magneto-bremsstrahlung correspond to the observed features of 
the slowly varying component. This investigation has been carried out by 
Zheleznyakov (1962 and 1963); the following exposition of the theory 
of the sporadic radio emission’s S-component is also based on these 
papers. 

Of particular importance in this respect is an analysis of the frequency 
spectrum of the S-component (including data from polarization observa- 
tions): it allows us to answer the question of the prevailing mechanism of 
radio emission at the different wavelengths, making it depend on the actual 
conditions at the centre of activity (the strength of the magnetic field and 
the electron concentration). We can also use information about the S-com- 
ponent’s directivity, etc., to investigate the relative parts played by its 
bremsstrahlung and magneto-bremsstrahlung generation mechanisms. 

Data of this kind on the properties of the slowly varying component 
have been given in section 10. There we noted that for local sources connect- 
ed with centres of activity containing spots the total emission flux as a 
function of the wavelength S„(2) has a characteristic curve with a maxi- 
mum in the region of A ~ 5-10 cm. For one source investigated that was 
connected with flocculi (among which there were no spots) the nature of 
S,(A) differed sharply from that indicated: in the 3-21 cm range the flux 
was comparatively small and did not depend upon the wavelength. If we 
consider (in accordance with the data of section 10) that at decimetric 


+ The magneto-bremsstrahlung mechanism as applied to the generation of the S- 
component has also been discussed (based on Ginzburg and Zheleznyakov, 1959a) by 
Kakinuma and Swarup (1962a and 1962b). Their results agree basically with those 
obtained by Zheleznyakov (1962 and 1963). 
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wavelengths the area of the emitting regions is approximately the same as 
the area of the flocculi connected with them, and at centimetric wave- 
lengths the same as the area of the spots,f and does not vary significantly 
with wavelength within these bands, then we can conclude from this that 
the curve of the intensity J(2) is generally similar to the function S,(A). 
In accordance with this Fig. 161 shows the idealized frequency spectrum 
which will be compared below with the theoretical functions J(A). 


L rel. units 
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A cm 


Fic. 161. Idealized frequency spectrum J(2) of a local source of the S-com- 
ponent: I—for sources connected with spots; II—for sources connected with 
flocculi without spots 


The spectrum of Fig. 161 corresponds to the following law of the varia- 
tion of the effective temperature with wavelength. In the decimetric band 
for large sources Tẹ reaches values around 10° °K or slightly more (~ 2X 
10° °K). As the wavelength decreases right down to values of 45-10 cm 
I increases but Tg varies weakly. On the other hand, at shorter wave- 
lengths, where the intensity drops with the wavelength, Tq decreases more 
rapidly than 2? (this is easy to understand, remembering that by definition 
Tg © IA). The nature of the spectrum at wavelengths of A < 3 cm still 


remains unknown, although it is possible that the emission intensity in the 
millimetric band is comparable with the corresponding quantity at à = 
3 cm (see section 10). 


+ In the centimetric band the local sources sometimes have haloes—regions of weaker 
emission above the flocculi with Tean ~ 105°K surrounding a bright source with dimen- 
sions close to the spots’ dimensions. According to different data, also given in section 
10, the halo’s Tye does not exceed (3-5) x 104 °K. 

ł In view of the particular importance of the question of the relative constancy of 
Tore at A ~ 5-10 cm and the fall in J with wavelength at 2 < 5-10 cm for the theory of 
the S-component we must definitely find the extent of its reliability and determine more 
exactly the nature of the frequency spectrum (especially at wavelengths less than 5-10 cm, 
including the millimetric band). To do this we must carry out simultaneous investi- 
gations of local sources at different wavelengths with precise measurement of the radio 
emission fluxes and the sizes of the emitting regions. 
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BREMSSTRAHLUNG MECHANISM OF THE LOCAL S-COMPONENT SOURCES 
ABOVE SPOTS 


Let us first examine the bremsstrahlung mechanism without making al- 
lowance for the effect of the gyro-resonance levels on the quantity 7, ». 
The absorption coefficient of electromagnetic waves because of collisions 
t{°2 is defined by the formula (26.74) when there is no constant magnetic 
field Ho and by the formulae (26.69), (26.94) and (26.97) when there is Ho 
in the plasma. It follows from the last expressions that the optical thickness 
of the emitting region in the quasi-longitudinal approximation is 
roll x ha SOG 22 (29.3) 


2 
@cny, 2 (1 once) 


(the top sign relates to the extraordinary wave 1, the lower one to the or- 
dinary wave 2). Here æ is the angle between the magnetic field Ho and the 
direction of wave propagation, œz; is the plasma frequency, œ is the 
gyro-frequency, 1, ,, is the refractive index of the extraordinary and ordi- 
nary waves, »,g is the effective number of collisions. The quantities w, and 
@y are connected with the electron concentration and the magnetic field 
by the relations 


co} ~ 3-18-10°N, wy ~ 1-76-10" Ho; (29.4) 


the values of n; > and »,_ are given by the expressions (23.7) and (26.78), 
(26.79). 

In the region of wavelengths of 2 < 10 cm and ratios 4/u = wy/w S 4, 
where the actual values of T, are significant for us, the refractive index 
n,,, is close to unity if the electron concentration is N « 10" electrons/cm’. 
There is no basis for assuming that the latter inequality breaks down in the 
lower layers of the corona above centres of activity: according to Newkirk’s 
data, at the maximum of the 11-year cycle the corresponding values are 
N ~ 10° electrons/cm?; in the active regions of the corona when it has 
taken up its minimum form we should apparently expect even smaller 
values of the electron concentration. In the coronal condensations, which 
are generally looked upon as the source of the S-component,} the concen- 
tration is slightly higher: average—4-5X10° electrons/cm’, maximum— 
about 8X 10° electrons/cm* (section 2). However, even with these values 
of N the refractive index is as before close to unity. 

Taking what has been said into consideration, we arrive at the following 


t For critical remarks on this idea see below. 
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expression for the optical thickness of a uniform source with a linear 
dimension L along the line of sight: 


OF Vel a INL 
we (1 qarla 921 poate ely 





ae © (29.5) 


@ 


In the change to the last equation we allowed for the formulae (29.4) for 
w; and (26.79) for vq. In the latter we assumed In (10!77°/N™*) ~ 12, 
which corresponds to T ~ 2X10°°K and N ~ 2X10® electrons/cm?. 
Thanks to the weak dependence of the logarithmic factor on the argument 
this quantity may also be used for values of N, T that differ considerably 
from those indicated. 

In estimates that do not pretend to any great accuracy the formula (29.5) 
can also be used for a non-uniform source, in this case understanding by 
the parameters N, wy, L, etc., their characteristic (mean) values for the 
given source. If the temperature T in the source along the line of sight is 
constant and the ratio wz |cos «|/w either does not vary from point to 
point or remains sufficiently small when compared with unity, then the 
factor N? figuring in (29.5) takes on the meaning of the mean square of 
the electron concentration with respect to the source 


Ne = ea (see (29.3)).t 


We note finally that the quasi-longitudinal approximation in a mag- 
netic field when n, ~ 1 (i.e. w/w? < 1) will be satisfied if (see (23.5)) 
w sinta < 4w? cos? a; |1—(wy| cos « D/o l| >> (w2, sin? «)/2w?. For small 
@,,/@ these inequalities still hold over a wide range of angles æ (with the 
exception of values of æ close to 90°); however, even when wy/w ~ + 
the quasi-longitudinal approximation becomes inapplicable only in the 
case when æ 2 75°. For our purposes this is quite sufficient, although in 
accurate calculations of the bremsstrahlung from regions above groups of 
spots (in directions close to transverse in relation to the magnetic field) 
we should use the precise formula (26.94). 

The frequency spectrum of a local source in which the bremsstrahlung 
generation mechanism is operative can be described (bearing in mind the 
remarks made) by the relations (29.1) and (29.5). If we neglect the effect 
of the magnetic field on the quantity 13 by making it equal to 

vaL 22 


t= Of Ro = pe (29.6) 


t The integral jue di is sometimes called the measure of emission. 
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where 
An? Pa 5X 1021732 


2 = — x 
á O} MeL NL 





(29.7) 


then the emission intensity and the effective temperature for both po- 
larizations are respectively 


I= 210 01—e), Ter = T(1—e7°), (29.8) 


The nature of the spectrum will be different on different sides of the critical 
wavelength 2., corresponding to the value r = 1 (see Fig. 162). In the 


Tet /T 


9 1 2 3 à 
Ne 


Fic. 162. Frequency spectrum of bremsstrahlung of an isotropic plasma 


region J? >> 22., where t >> 1, the intensity is J ~ 2/ and varies as 472, 
whilst the effective temperature is Tj, ~ T and remains constant. In the 
region 2? < 12, where t < 1, on the contrary, the intensity J ~ 2/(r is 
constant (since I{ oc 272, t oc 42), and Tig ~ Tr decreases with wave- 
length as A2.t 

Since the frequency spectrum J(A) shown in Fig. 162 has no maximum 
a bremsstrahlung mechanism with no allowance made for the magnetic 
field cannot be responsible for the generation of the S-component over 
the whole range of wavelengths 4 ~ 3-30 cm investigated. The theoretical 
spectrum at A > å., corresponds to that observed in the 4 > 5-10 cm 
range; however, at A < 5-10 cm where /, to judge from the experimental 
data, falls as the wavelength decreases, agreement cannot be reached with 
any assumption about the magnitude of 2,, since for 2? > 42, I oc 272, 
and for 2? < 42, I = const. 

Allowing for the effect of the magnetic field on the frequency spectrum 
of the bremsstrahlung does not save the situation (Molchanov, 1961). 
In actual fact let the ratio w,,|cos«|/m@ be sufficiently small so that the 
expression for 7, , (29.5) can be expanded into a series in this quantity and 


+ We note that the inequalities 4? = 42, when the expressions given for J and Ten 
are valid are very weak. For example the relations I ~ Ij”r, Tyg Tr obtained by 
expanding 1—e~* into a series with the first term retained have a relative accuracy of 
the order of 7/2. If A = 0-5A,, then z = 0-25 and the accuracy will be about 10%, 
which is quite sufficient for us. 
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we can limit ourselves to only the first three terms: 
wou ~ ay [42 leosal +3 (cosa) |. (29.9) 


Then in the range A < 4,, where the emitting region becomes optically thin 
the total emission intensity for both polarizations ist 


T T3 22 2 
h+ = iP (atn 2-2) ~ 2 se fı -7 aa +3 (Se * cosa) |. 
(29.10) 


In the change to the last equality we have left in the braces only terms with 
powers of A = 2nc/w not greater than squares. 
As follows from (29.10), the sum J, +I rises as A increases if 


42 On 2 
ya 3 (Zz cos.) r 


27c 
/6 wylcos al 


(the factor 102222 does not depend on å!). Then obviously Jı +72 with 
a certain value of 2 ~ Aa reaches a maximum, which is in qualitative 
agreement with the observations. The magnitude of this effect depends on 
the strength of the magnetic field: with high enough values of Ho we can 
apparently obtain not only qualitative but also quantitative agreement 
with the observed frequency spectrum. 

It should be remembered, however, that a random magnetic field strength 
cannot be chosen since it should correspond to the observed degree of 
polarization of the local sources of the S-component (less than or of the 
order of 30% at A ~ 3 cm; see section 10). Since ordinary and extraordi- 
nary emission at the exit from the corona is circularly polarized (section 24) 
and generally only circular polarization is noted in the composition of the 


S-component, it can be assumed that the degree of polarization of the 
S-component is 


ie. 


der > (29.11) 


IL-lp ~ bite 
htl Titt 








Qc = (29.12) 


t It follows from the expressions (29.9) that superimposing of a magnetic field on 
the plasma increases the intensity of its bremsstrahlung on an extraordinary wave but 
decreases it on an ordinary wave. The total emission intensity for both polarizations in 
an optically thin layer I, + I; increases when compared with the corresponding value for 

= 0 (see (29.10)). 
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The latter relation is valid in the region 4? < 22, where the source becomes 
optically thin. Remembering the expression for T, (29.9) we find that 
with w,,|cos «| /w « 1 


pues 2 <2 |cosa|. (29.13) 


We note that in an optically thin region, where t,.<«< 1, the degree of 
circular polarization ọ, increases as the frequency œ decreases. Putting, in 
accordance with the observations at 3 cm, o, < 0-3 we find from (29.13): 
@,|cosa|/o S 0-15, ie.@,|cosa| S 10% sect, Ho|cosal] < 6X10? oe. 

The frequency spectrum calculated when w,,|cosa| = 10!° sec-4—the 
dependence of J; + Iz on A for two values of å, (6 and 10 cm)—is given in 


Ph 





1 5 10 


Fic. 163. Frequency spectrum of a bremsstrahlung from a plasma in the 
presence of a constant magnetic field H 


Fig. 163. The maximum in the spectrum here occurs only for A., = 10 cm 
since with A,, = 6 cm and w,,|cos«| = 10° sec"! the above-mentioned 
condition for the appearance of a maximum is not satisfied. However, 
even with A,, = 10 cm, as a comparison of Figs. 161 and 163 shows, the 
increase in intensity expected in the framework of the bremsstrahlung 
mechanism does not correspond to the observed increase at all: it 
amounts to only about 2-5 1072, whilst according to Fig. 161 this effect 
is many times greater.t 

It is clear from what has been said that only the bremsstrahlung mech- 
anism is capable of explaining both the magnitude of the observed degree 
of polarization and the existence of a high maximum in the frequency 
spectrum of the slowly varying component. The dependence of the polar- 


t We cannot make Aa much more than 10 cm because this will lead, in contradic- 
tion to the observations, to a significant displacement of the spectrum’s maximum to- 
wards the long wavelengths. We note that the spectrum of Fig. 163 is calculated by the 
relations (29.1) and (29.9). The replacement of the latter by the more accurate expres- 
sion (29.5) does not noticeably alter the dependence of J,+J, on wavelength, since at 
A Z Ace where the representation (29.9) becomes inapplicable t}, 2 1 and the ac ua 
form of 7,, a is insignificant. 
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ization on the wavelength 0,(4) obtained on the basis of the bremsstrah~ 
lung mechanism (the rise of ọ, together with 4 in the region A < A., with 
subsequent rapid decrease at wavelengths of 4 > 2.) is not in agreement 
with experiment either, this generally indicating a systematic decrease in 0, 
as À increases. 

We therefore come to the conclusion that the bremsstrahlung mecha- 
nism is not capable of explaining the features of the frequency spectrum of 
the S-component generated in regions of the corona above spots at wave- 
lengths from 3 to 5-10 cm (at à < 3 cm the situation remains unclear 
because of the absence of reliable observations). Since the intensity of the. 
bremsstrahlung from these regions is in practice greatest at the short- 
wave boundary of the range under investigation, the value of the intensity 
at all wavelengths of A > 3 cm can definitely not exceed the corresponding. 
value at A ~ 3 cm. This means that the upper boundary of the possible. 
bremsstrahlung spectrum from these regions will correspond to curve I in 
Fig. 169 (see below). The lower boundary and the method of finding the 
precise level of bremsstrahlung will be indicated later; for now we shall 
give additional arguments against the basic role of the bremsstrahlung 
mechanism in the generation of radio emission above spots at centimetric 
wavelengths. 

If the slowly varying component at A ~ 5 cm is caused by the brems- 
strahlung of electrons from a region with T ~ 2X10! °K, then for the 
observed values of Ty, of the same order to occur at these wavelengths 
it is necessary that A, should not exceed 5 cm. In accordance with (29.7). 
the latter will be satisfied if the emission measure N2L is not less than 
6X 10?" electron?/cm®. With an emitting region thickness of L ~ 5X10®°cm 
and a uniform distribution of the concentration the value given for NL cor-. 
responds to a value of N > 10’ electrons/cm3. These values of N are far 
higher than the mean electron concentration in the coronal condensations 
(4-5 X 10° electrons/cm) or in the lower corona above a centre of activity 
(~ 10° electrons/cm?), although in the former case the break is insufficient. 
for us to be able to draw a definite conclusion about the possibility of 
interpreting the S-component at A ~ 5 cm as bremsstrahlung on the basis 
of data on the quantity N (particularly if we remember that because of non- 
uniform distribution of the concentration N? > (N)?).t 

At the same time lower concentrations are sufficient to explain the values. 
of Tyg ~ T at decimetric wavelengths. This is quite understandable: the 
optical thickness t is proportional to N2A? and the value r ~ 1 is reached 

+ The magneto-bremsstrahlung mechanism discussed below does not need such high, 


electron concentrations: values of N ~ 5108-10 electrons/cm® are quite sufficient 
for its effective action. 
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here with smaller N. For example, at 4 ~ 26 cm we should have N > 
2X 10° electrons/cm, i.e. a quarter of that required at 4 ~ 5 cm. This 
makes quite natural the satisfactory agreement established by Newkirk 
(1959) in simultaneous measurements of the electron concentration in 
active regions (from the scattering of the optical radiation in the corona) 
and of the effective temperature at a wavelength of à = 20 cm of these 
tegions on the assumption that all the observed radio emission is of brems- 
‘strahlung origin.t It would obviously be of great interest to compare the 
values of N in active regions of the corona for wavelengths of A ~ 5-10 cm 
corresponding to the maximum of the S-component’s frequency spectrum 
since it is in this part of the spectrum that the bremsstrahlung mechanism 
Meets with the greatest objections. 

It should also be noted that the particular distribution of radio bright- 
ness over a source in the centimetric band—with a bright region above 
spots and a weak halo above the surrounding flocculi—in the case of 
bremsstrahlung origin of the radio emission! occurs only if the measure of 
emission f NP di at different points on the local source possess the same 
feature.§ In accordance with this the intensity of the light scattering on 
the coronal electrons (the K-corona) should have a maximum of a width 
of the order of the spots’ diameter above the spots. According to Newkirk 
(1959) and Christiansen et al. (1960) such a narrow maximum is not 
observed: the K-corona is stronger in the whole region above the flocculi 
and not above individual groups of spots. However, the measurements 
made relate to altitudes above the photosphere of about 0°125R,, whilst 
the local regions of radio emission in the centimetric band are largely 
located at lower altitudes. Therefore photometry of the K-corona at 
shorter distances from the Sun’s limb while finding spots on the limb 
would be very desirable. 

Let us now see how the bremsstrahlung mechanism explains the char- 
racteristic directivity of the S-component—the variation in the radio emis- 
sion flux S,, from a local source varies almost as cos 9, where © is the helio- 


t The successful interpretation by Newkirk (1959) of the slowly varying radio 
-mission on the basis of a bremsstrahlung mechanism was also helped by the fact that 
the measurements related to local sources situated off the Sun’s limb. Under these 
conditions the value of the radio emission flux is generally reduced (the effect of directiv- 
ity), whilst the measure of emission may be; increased when compared with sources in 
the central part of the Sun’s disk. 

t Arguments in favour of the bremsstrahlung radio emission mechanism for the halo 
‘are given in the last subsection of this section. 

§ For example, at A ~ 3 cm the ratio of T.y of the halo to the Tan of the bright 
Tegion above the spots, which in a number of cases is as much as 10® °K, is less than or of 
the order of 1/10-1/20; this means that the ratio of the values of the optical thickness 
and therefore also of the emission measure Jre di in these regions does not exceed 
1/10—1/20 either. 
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graphic longitude of the emitting centre (see section 10). This directivity is 
obviously not connected with the effect of refraction in the corona, since 
there at the frequencies of interest to us the refractive index ism, , ~ 1. 

Bearing in mind the relatively weak polarization of the slowly varying 
component we can neglect the effect of the magnetic field on the nature 
of the emission and absorption in the generation region. Then the emission 
flux from a source of area ø at a distance Ry , away is 





So ~ OIR52_ = 2011 —e-*) R525 = (1—e-#4) (29.14) 


ois 
(see (29.8)). Here we have allowed for the fact that in accordance with 
Kirchhoff’s law (26.8) 1{ = a/u, where a is the emissive power of a unit 
volume of plasma for a wave of one polarization (we are omitting the 
suffix j for simplicity of notation). If a local region of altitude A and extent 
d along the photosphere is located in the central part of the disk, then the 
emission flux is 


2 d?a 





SAO ~ 0) = Id*Rs25 = 1—e7#4), 
( ) s= Ri, ) 
In the case, however, when this region is situated near the Sun’s limb 
2hda 
Sx (0 x 3) ~ IhdR52p = L (1 —e-#4 


and therefore the ratio of the fluxes is 
S(O = 0) d Gee). e7Hh) 
~= hh (=e) 
mera) 


The dependence of the ratio S,@ ~ 0)/S,(O ~ 2/2) on the value of the 
absorption coefficient u (with h < d, h = d and h > d) is shown in 
Fig. 164. 

It is clear from the figure and directly from the formula (29.15) that for 
an optically thin region (when t = ph « 1 and t = ud « 1) the total flux 
remains constant as the heliographic longitude changes until the source 
starts to be hidden behind the Sun’s disk. This result is not surprising: 
for an optically thin region reabsorption is insignificant and the emission 
flux in all directions is 2ahd? (the product of the emissive power for two 
polarizations 2a and the volume of the emitting region hd?). 

It follows from the observations that the quantity S,(Q) decreases with 
the rise in |O], so S{@ ~ 0)/S,(O ~ 2/2) is always several times greater 
than unity (for further details see section 10). This kind of variation in 
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S(O) can occur (see Fig. 164) only when the altitude of the local region is 
less than its extent along the Sun’s surface and the region becomes op- 
tically thick at least near the Sun’s limb (t = ud > 1). Furthermore, the 
function S„ œ cos @ will be approximately satisfied if the emitting region 
is optically thick not only on the limb but also near the central meridian 
(t = ph > 1,t = ud > 1) with a large enough ratio d/h. The value of d/h 
is easy to estimate since then it is equal to S,@ ~ 0)/S,(O ~ 2/2); the 
value of the latter ratio can be found in section 10. 


S.(8-0VS.f8-11/2) 





hed H 
S.(6-0)/S,(0-7/2) 








Fic. 164. Interpretation of the directivity of the S-component emission on 
the basis of the bremsstrahlung generation mechanism 


Therefore the directivity depends on the optical thickness of the emitting 
region t: it can hold only if t = 1 even if near the Sun’s limb; there is no 
directional feature for t <« 1. 

In the case of A > A,, ~ 5-10 cm Tg, as we know, is close to the 
temperature of the active parts of the corona T ~ 2X 10° °K. This means 
that v 2 1; the latter explains (in the case of a “plane” configuration of the 
emitting region) the observed nature of the directivity of the slowly varying 
component independently of its generation mechanism. Jn the other case, 
at wavelengths of A < 4,, ~ 5-10 cm for all local sources and at wave- 
lengths of 2 > A., for relatively weak sources Tyg < T ~ 2X108 °K. 
Since in the framework of the bremsstrahlung mechanism the values of 
Tæ < T are connected with a decrease in the optical thickness of the 
source to values of t < 1, this mechanism cannot provide the directivity 
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of the radio emission in cases when 7,, is noticeably less than T. As far 
as can be judged from the available experimental data there is always 
directivity, as a rule, in the range of wavelengths starting at 3 cm and 
above. 


MAGNETO-BREMSSTRAHLUNG MECHANISM OF SLOWLY VARYING EMISSION 
Let us turn now to the magneto-bremsstrahlung mechanism of the S- 
component. It has been shown in section 26 that in a coronal plasma with 
a Maxwell velocity distribution of the electrons and with a non-uniform 
magnetic field magneto-bremsstrahlung (gyro-frequency emission) at a 
frequency w is generated in thin layers where Hp satisfies the condition 
w = sw, (S = 1, 2,3, ... is the number of the harmonic, w, is the gyro- 
frequency of the electron). The optical thickness t,, is given by the formula 
(26.125) together with (26.113). These expressions are rather complicated ; 
for s = 2, however, they can be simplified in the case of quasi-longitudinal 
propagation, particularly when the refractive index is n4 a + 1 (ie. v = 
w? fw? < 1):t 
ie 2s—2 T (1 +cos œ)? sin??? « (29.16) 
Ist em ie E : 
(see (26.126)). In (29.16) œ; is the plasma frequency, f, is the ratio of the 
thermal velocity V to the velocity of light c, Ly = wy(dl/dw,,) is the 
characteristic dimension over which there is a change in the value of w, 
(the field Ho) along the line of sight, æ is the angle between Hp and the 
normal to the wave. Thanks to the fact that v « 1 the expression for the 
optical thickness at the fundamental harmonic s = 1 also becomes simpler 
(see (26.127)). 

Actual values of t,, in active regions of the corona calculated from the 
formulae (26.127) and (29.16) are given in Table 6 (Zheleznyakov, 1963) 
(T = 2X10° °K, N = 2X 10° electrons/cm?; the scale of the variation in 
the magnetic field for all resonance layers is taken to be the same: 
L = 4X10° cm). It is clear from the table that the optical thickness 
of the gyro-resonance layer for an extraordinary wave 7,, will, ali other 
things being equal, always be greater than the corresponding value of 
Tə; for an ordinary wave. 

For the values of the parameters «, N, T and A given in the table the 
layers w ~ My, ~ 2w,, are opaque to extraordinary and ordinary waves. 
Since t,, is large in these layers the levels w ~ wy, ~ 2m, remain opti- 
cally thick while N and T vary within wide limits. 


Tjs ZN 


tł For satisfaction of the equality n, 2 ~ 1 and realization of the quasi-longitudinal 
approximation under the conditions of interest to us here see the preceding subsection 
of this section. 
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TABLE 6 
A=3cm 
Harmonic i 
No. J T, (extraordinary wave) t, (ordinary wave) 
4. 06 | -—_ ] 

a = 30° a = 60° a = 30° a = 60° 
1 3600 2:7X10 9-3 x 10° 
2 1800 1-2*10¢ 2:-4x 106 6-5X10 2-7x 108 
3 1200 8-0 47x10 4-1x10-? 5:2 
4 900 7:6Xx1078 133x107! 3:-9x107* 1-5x10-? 

A=20cm 

1 540 1-:8X 10? 62x 104 
2 270 8-3 x 104 1-6x105 43x10? 1-8 x 104 
3 180 5-310 3-1 10° 2:7X 1071 3-510 
4 135 5-1«107? 8-9x« 1071 2-6X 10-4 9-9xX10-! 


Layers with s > 4 are transparent for both types of wave (t,, « 1). The 
same is also true, as a rule, for the level w ~ 4wy although in the deci- 
metric band for extraordinary waves the absorption at œ ~ 4m, becomes 
noticeable when there is an enhanced temperature and concentration of 
the coronal plasma.t 

The degree of transparency of the layer œw ~ 3m,, (Satisfaction of the 
inequalities t,, = 1) in the conditions of the solar corona depends on the 
type of wave and actual values of N, T, æ and å. According to Table 6, for 
extraordinary waves in the centimetric and decimetric band this layer in 
the corona is optically thick; for ordinary waves it becomes opaque 
only with large angles between the directions of the field H and of the 
waves propagation. 

Since t,, at all harmonics s and for both types of wave decreases with 
æ and when « = 0 becomes zero,} regions of transparency corresponding 
to angles a < «,, nevertheless exist at optically thick gyro-resonance levels. 
By means of the formulae (26.127) and (29.16) it is easy to find that at 
A ~ 3 cm in the corona above a centre of activity (N ~ 2X10° elec- 


+ The increase in the temperature T has a particularly significant effect on the ab- 
sorption in layers corresponding to large harmonics s, since T} œ T’~*; in the fourth 
gyro-resonance layer Tj, ~ T°. 

t With the exception of the optical thickness of the layer œ ~ œg for an extraordi- 
nary wave. This exception is insignificant for us since from the level a ~ wy waves of the 
kind indicated do not escape beyond the corona. 
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trons/cm’, T ~ 210° °K, Ly ~ 4X10° cm) the value of «,, that separ- 
ates the ranges of angles æ with t,, = 1 will be close to the following values: 
for an ordinary wave a, ~ 5° (s = 1), @,, ~ 15° (s = 2), a, ~ 46° 
(s = 3); for an extraordinary wave æ, = 14’ (s = 2), a, ~ 17° (s = 3). 

Since in all cases except the last for an ordinary wave the angles « are 
rather small in an approximate analysis of the generation conditions of 
magneto-bremsstrahlung in the coronal plasma we shall consider that the 
levels w ~ 2wy, @ ~ 3@,, are always optically thick for extraordinary 
waves and the levels œ ~ wy, œ ~ 2w,y are optically thick for ordinary 
waves, and allow for the dependence of the degree of transparency on the 
angle a only for the ordinary component in the layer w ~ 3o,. In a more 
accurate treatment, of course, we cannot but allow for transparency in the 
region of « < 15-17° of w ~ 3m, layers for extraordinary and œ ~ 2w, 
for ordinary waves. 

According to (29.1) the 7, of radio emission from levels for which 
Tı 2 1 is close to the kinetic temperature T of the electrons in these 
layers; if, however, Tt, « 1, then T,_ <« T. It follows from this that the 
Te of the magneto-bremsstrahlung depends essentially on where the 
optically thick gyro-resonance levels are—in the “hot” corona or in the 
inner, “colder” layers (in the chromosphere or in the transition region 
from the chromosphere to the corona). To get an idea of the probable 
position of the gyro level above spots let us take a model of a unipolar spot 
with a field Ho on the axis given by the formula (2.1). In this case the layers 
w =~ SH, (s = 1, 2, 3, 4) are localized as shown diagrammatically in 
Fig. 165. 

It is clear from Fig. 165 and what has been said earlier about the optical 
thickness of gyro-resonance levels that the contribution from the layers 
@ = S®,, (where s = 2 and s = 4) to the extraordinary emission of the 
slowly varying component’s local sources is insignificant overall: an extra- 
ordinary wave from the œ ~ 2m, level does not escape beyond the corona, 
being absorbed in the optically thick layer w ~ 3w,, which lies above (in 
a region with a weaker magnetic field), whilst only emission having T., 
< T is connected with the optically thin layers with œ ~ 4w,, Sw,, ... 
It can therefore be taken that the part of the layer emitting effectively 
extraordinary waves is played by the layer œ ~ 3w,y with Tẹ equal to T 
(the kinetic temperature of this layer). 

Gyro-frequency emission from layers œ ~ w, and w ~ 4@,, Sw,, . 
will be insignificant for ordinary waves (for the same reasons as for extra- 
ordinary waves). With a > «,,, where æ, is the critical angle in the layer 
w ~ 3o,,, this layer as before makes the major contribution to the ordi- 
nary emission as well; however, with æ < a@,, the part of the effectively 
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‘emitting layer moves on to the œ ~ 2m, level since the œ ~ 3w,, region 
becomes optically thin. 

Furthermore, it is clear from Fig. 165 that above large spots with a 
strong magnetic field the effectively emitting levels w ~ 20,,, w ~ 3@,, in 
the decimetric band (A ~ 20 cm) lie in the corona, in layers with more or 
less the same temperature T ~ (1-3) X 10° °K. Therefore in this range the 
Tq Of the magneto-bremsstrahlung is close to the said value of the kinetic 





Spot in centre of 
solar disk 





solar disk 
@) 





Fic. 165. Position of gyro-resonance layers in an active region above a spot 
(diagrammatic): (a) 4 = 3 cm, (b) A = 20 cm. Field at base of spot Hy = 
2X10? oe, area of spot 2b? ~ zx108 cm? 


temperature of the corona’s active regions. At the same time at shorter 
wavelengths (2 ~ 4 cm) the levels w ~ 2,,, @ ~ 3, obviously lie in the 
transition region between the chromosphere and the corona, the higher- 
lying level w ~ 3m, corresponding to a higher kinetic temperature than the 
level w ~ 2,,. Therefore we must expect here slightly lower values of T.¢, 
and then—as there is a further decrease in the wavelength A and the displace- 
ment connected with it of the emitted levels into the “cold” chromo- 
sphere—a sharp drop in T,,. The values of T ẹ « 10° °K often observed 
in weak sources at wavelengths of A 2 3 cm from the point of view of the 
magneto-bremsstrahlung mechanism are caused above all by the low 
strength of the spots’ magnetic field (as a result of which the levels œ ~ 2,,, 
3e,, move into the heart of the solar atmosphere).t 

t A decrease in N to a value of 3X 108 electrons/cm? corresponding to the surround- 


ing corona at its minimum phase, as is clear from Table 6, can have a significant effect 
on Teu only at centimetric wavelengths. 
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In the centimetric band the œ ~ 2w,,, w ~ 3wy levels are located high 
enough (in the “hotter” layers) only above sunspots with a strong magnetic 
field. A long way from the spots, where the magnetic field is weaker, the 
effectively emitting layers drop down and then generally disappear from. 
the layers above the photosphere. Therefore the radio brightness distribu- 
tionin the case of action of the magneto-bremsstrahlung mechanism should 
have a maximum above sunspots and drop sharply outside the spots (above 
the flocculi). This feature of the emission in the band under discussion is 
largely confirmed by observations (section 10). In the decimetric band the 
gyro-resonance levels w ~ 20, w ~ 3w,, correspond to considerably lower 
values of the magnetic field and are therefore located in the corona at 
greater distances from the spots. Since the distribution of the field strength 
Ho over the Sun’s disk in these layers is more uniform, as the wavelength 
rises the effect of brightening above the spots should show itself more 
weakly and this actually occurs. 

We recall that the layers w ~ sw,,(s = 1, 2, 3), which are optically 
thick when « ~ 1, become transparent if « ~ 0. This means that in the 
bright region above a spot with T,, ~ 10°°K a minimum of T,ẹ may 
appear, since in the direction for whicha ~ 0 the slowly varying component. 
is created by emission from deeper-lying layers with a lower kinetic 
temperature. We must count above all on wavelengths of 3-5 cm for 
which the  ~@,,, 2w,, levels are far “colder” than the w ~ 3w,, levels to- 
find an effect of this kind. This is a difficult problem, however, because it 
requires observations to be made with a resolution of less than 1’. 

Directivity of the slowly varying component of the S, «cos © type 
from the point of view of the magneto-bremsstrahlung mechanism is. 
connected with the special configuration of the magnetic fields above the 
centre of activity, due to which the extent in height of the coronal region 
bounded at the top by an optically thick layer œ ~ 3w y (and also w ~ 2w,) 
is less than the extent of this region along the surface of the Sun (Fig. 165).. 
Unlike the bremsstrahlung mechanism, the directivity of the magneto- 
bremsstrahlung is also preserved for weak sources since in the latter case 
the decrease in T.y is caused chiefly by displacement of the effectively 
emitting layers (which remain optically thick) towards the photosphere. 

Let us now see how the magneto-bremsstrahlung mechanism will explain 
the observed nature of the S-component’s polarization and above all its 
dependence on the frequency and sign of rotation. According to Table 6, 
for the most probable values of N and T in the active regions of the corona 
the layer w ~ 3w,, becomes optically thick both for ordinary and extra- 
ordinary emission with large enough angles « > a,, between the direction 
of the wave k and the field Ho. However, the values of æ „ are different for 
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these types of emission: as was indicated above, with N ~ 210° electrons/ 
com’, T ~ 2X10® °K and Ly ~ 4X 10° cm at 2 ~ 3 cm the value of «,, 
for extraordinary waves in the third gyro-resonance layer is only 17°, 
unlike the ordinary waves for which «,, is far greater (about 46°). It is 
clear from this that in the centimetric band the part of the w ~ 3wy layer 
in which æ < æ., for ordinary waves emits polarized emission with the 
extraordinary component predominating (since the latter is emitted by the 
“hotter” w ~ 3wy layer, whilst the ordinary component is connected with 
the “colder” w ~ 2m, gyro-resonance layer; see Fig. 165). In the range 
a >«,, the position is different: here both components are generated in 
the optically thick w ~3w, layer, and because of the equality of their 
effective temperatures the total emission will not be polarized. As the wave- 
length rises the w ~ 2, and w ~ 3wy levels balance out since they both 
move into the corona with an approximately uniform distribution of T. 
The consequence of this is a reduction in the degree of polarization of the 
local source emission as the wavelength increases. The dependence of the 
degree of polarization on the wavelength noted and the sign of the polariza- 
tion agree with the observational data well. 

In the case of effective action of the magneto-bremsstrahlung mechanism 
the size of a local source in polarized emission should, as a rule, be less 
than the size of the source in non-polarized emission (even without allowing 
for the halo). This effect is connected with the circumstance that the source 
of the polarized emission coincides with part of the third, gyro-resonance 
layer in which æ < æ, for an ordinary wave, whilst the non-polarized 
emission comes from regions of the w ~ 3w,, layer in which æ > «,,. It is 
clear from Fig. 165a that for a spot in the central part of the Sun’s disk 
the local source polarized emission (region I) is located near the spot’s 
axis and the source of non-polarized emission (region II) on the periphery 
of the spot (see also Fig. 166). In the process of the displacement of the 
centre of activity over the Sun’s disk region I moves to the side of the spot’s 





Fic. 166. The three characteristic regions of emission in a local source of the 
S-component (diagrammatic) 
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Fic. 167. Dependence of temperature T on altitude h in a model of an active 
region 


axis where the magnetic field is weaker and the effectively emitting levels 
are located lower down, in colder layers. This leads to a decrease in the 
relative contribution of region I when compared with region II to the 
total emission of the local source. What has been said is sometimes the 
cause of the higher directivity sometimes observed of the polarized emission 
in the composition of the S-component when compared with the directivity 
of the emission of the local source as a whole.t We notice that this difference 
between the sizes of the polarized and non-polarized emission is apparently 
confirmed by the observations, although their accuracy is still insufficient 
for a definite conclusion about the existence of this effect. 

When coming to discuss the frequency spectrum of the magneto-brems- 
strahlung from the active regions of the inner corona and the upper 
chromosphere, we notice above all that the dependence on the wavelength 
Of Tog OF J; OC Tog A~? for layers w ~ 2w,, and œw = 3wy, which play a deci- 
sive part in the generation mechanism under discussionis determined by the 
nature of the distribution of Ħo and T above the spot. For a preliminary 
analysis of the question of the expected frequency spectrum we shall assume 
that the magnetic field varies as (2.1) both on the axis of the spot and on 
its periphery, whilst the kinetic temperature varies with altitude according 
to the graph in Fig. 167. The function T(h) in the chromosphere, particu- 
larly in layers adjacent to the corona, is poorly known. For the sake of 
definition we have used here the law of variation of T(h) given by Allen 
(1955). 

It follows from the formula (2.1) that the level at which œ = sw,, is 
located at the altitude 


hw b(1- sanz) bre (2- l (29.17) 


+ A possible decrease in the temperature difference of the w ~ 2wg, w = Jwg 
levels acts in the same direction (in the part which makes a contribution to the polarized 
emission, i.e. in region I) when the distance of the spot from the centre of the Sun’s 
disk to the spot increases. 
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(@y,, = ¢Ho,/mc is the gyro-frequency corresponding to the magnetic field 
at the base of the spot H,,); the kinetic temperature T at this altitude can 
be determined by the graph in Fig. 167. On the basis of these data it is not 
hard to calculate the approximate frequency spectrum of magneto-brems- 
strahlung from layers w ~ 2, , œ ~ 3m, in the case when they are optically 
thick: the effective emission temperatures are respectively 

TY = T(A), 
where A is found from the formula (29.17) with s = 2, and 

TY = Th), 
where the values of h are obtained from (29.17) with s = 3. 


LSe rel. units 








1 15 AM 
10 15 Acm 





Fic. 168. Frequency spectra of magneto-bremsstrahlung from levels w ~ 2wg 
and w ~ 3w, in an active region of the corona (Zheleznyakov, 1963) 


The frequency spectra found in this way for the intensities of the emis- 
sion from these layers I oc TÊ 1-2, I® oc TS A-2 are shown in Fig. 168 
(for a very large spot zb? ~ 2X 10!® cm? in area). On the abscissa of the 
graph are plotted the values of A/Ay,, = @,,,/, where ły, is the conven- 
tionally introduced wavelength corresponding to the gyro-frequency wn, 
at the base of the spot: Ay, = 2mc/w,,,. 

Since the function 7®(A) relates only to the points of a local source in 
which the layer w ~ 3, is optically thick, it characterizes the frequency 
spectrum of the emission only in the region æ > «,,; in the region of the 
source where æ < æ, this layer becomes transparent and makes no signifi- 
cant contribution to the emission. Since a,, for extraordinary waves is 
small when compared with the a,, of ordinary waves, we shall consider for 
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simplicity that J@(A) is the frequency spectrum of the extraordinary emis- 
sion over the whole area of the local source (with the exception of the halo) 
and the frequency spectrum of the ordinary emission on the periphery—in 
region II (in Fig. 166) where the magnetic field Ho subtends a certain 
angle with the line of sight x > «,,.1 In the central part of the source 
(in region I where æ < «,,) the spectrum of the ordinary emission is the 
same as IA), i.e. it is determined by the deeper-lying second gyro- 
resonance layer. 

It follows from what has been said that the total frequency spectrum of 
the magneto-bremsstrahlung in region II of a local source 


Iy(A) = 2104), (29.18) 
and in region I 
h) = IE) + Ie). (29.19) 


These spectra are also shown in Fig. 168. 

It can be seen that the frequency spectra (A) and J™(A) and at the 
same time the total spectra J(A) in the centre and on the periphery of the 
local source above the spot has a maximum when Amar = (0°5-0-7)A,,,. 
If the magnetic field at the base of the spot is Hy, ~ 10° oe, then 2y, ~ 
10 cm and mer ~ 5-7 cm, i.e. the position of the region of the maximum 
intensity values on the A scale will correspond to that observed. 

At wavelengths of 4 > 2 max the intensity of the magneto-bremsstrahlung 
falls as A rises, whilst the effective temperature T,g is close to the tempera- 
ture of the active corona T ~ 2X108 °K. At wavelengths less than 4,,,, the 
value of the intensity decreases rapidly because of the transition of the 
actively emitting levels œ = 20, @ ~ 3w,, from the corona to the chromo- 
sphere. The contribution of the magneto-bremsstrahlung definitely becomes 
insignificant in the millimetric band for which the levels w ~ 2wy, @ ~ 30, 
are appropriate to magnetic fields with a strength Ho > 3600-4800 oe; 
there is no reason to expect such strong fields in the layers above the pho- 
tosphere. Actually the part played by the magneto-bremsstrahlung mecha- 
nism becomes negligibly small slightly earlier, in the short-wave part of the 
centimetric band, because of the sharp drop in temperature in the lower 
chromosphere. To judge from Fig. 168, in a model with H,, ~ 10° oe and 
T ~ 104°K with A < 6X10? km this occurs at wavelengths of 2 < 4 cm. 


+ We have in mind the œ, of an ordinary wave. 

t This very moderate value of Hy, also corresponds to the scale of wavelengths 
A (cm) in Fig. 168. We note that the quantity Ag,, corresponding to the experimental 
values of Anax depends essentially on the distribution used in the calculations of the 
magnetic field and the kinetic temperature in the active region above the spot. In par- 


ticular, Hy, and Az, will increase if we reduce the spot area 75? in the model (2.1). 
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The strong attenuation of the centimetric radio emission in layers of the 
chromosphere lying at an altitude of h $ 104 km also may have an effect 
on the position of the short-wave boundary of effective action of the 
magneto-bremsstrahlung mechanism because of absorption due to colli- 
sions (see Fig. 139).t 

Direct comparison of the theoretical spectra of the type shown in Fig. 
168 with the actual ones is possible only after measurements of the emis- 
sion flux of the S-component at different wavelengths from areas of the 
solar disk which have a size much less than the diameter of the spots 
(i.e. much less than 1-2’). This is a complex problem requiring the use of 
aerials with exceptionally high directivity. For comparison with theory of 
the information at present available on the dependence on wavelength of 
the emission flux from local sources above spots, we must change from the 
intensity J(A) given by the formulae (29.18) and (29.19) to the expression 
for the flux S,(A) of ordinary and extraordinary emission leaving the whole 
local source above the spot (i.e. from the regions I and II in Fig. 166). In a 
rough approximation when the intensities of the emission from the second 
and third gyro-resonance layers J™, I® are considered to be constant over 
the part of the source above the spot 


Su(A) ~ (I@+41®) xb? Rzy +O nbb Rz (29.20) 


where b; and by are the radii of regions I and II respectively, Ry , is the 
distance of the Sun from the Earth. In a closely argued calculation of the 
characteristics of magneto-bremsstrahlung above spots the values of by 
and by, will be determined by the actual model of the active region as a 
function of the wavelength 4; neglecting this dependence for the sake of 
simplicity we shall select b; and by so that the degree of polarization corre- 
sponds to the experimental data. For this it suffices to put by œ~ b (b is 
the radius of the spot) and 5, = b,,/2. The function S,(A) obtained as a 
result (Fig. 168) corresponds in its basic features to that observed at centi- 
metric band wavelengths. 

The choice made for the ratio b,/b,, needs some explanation. At first sight 
it appears that in the framework of the magneto-bremsstrahlung mechanism 


t The frequency spectra of Fig. 168 and the values of å obtained from them corre- 
sponding to the intensity maximum and the short-wave boundary of the gyro-resonance 
emission can, of course, be used only as a guide. The correct calculation of the magnetic 
bremsstrahlung spectrum should be based on a better choice of active region model 
above groups of spots and contain a careful allowance made for the contribution of 
different gyro-resonance levels to the emission (and also allowance for attenuation of 
the latter because of magneto-bremsstrahlung and bremsstrahlung absorption in the 
process of propagation from thew ~ swz level to escape from the corona). The papers of 
Ivanov—Kholodnyi and Nikol’skii (1961 and 1962), De Jager (1959) may be a consider- 
able help in determining the function 7(4) in the upper chromosphere more accurately. 


560 


§ 29] Origin of the Slowly Varying Component 


it is impossible to explain the degree of polarization 9 ~ e, ~ 30% 
generally observed in the middle of the centimetric band since, as follows 
from Fig. 168, in region I of a local source the degree of polarization at 
A ~ 46cm reaches 100% because of the negligibly small intensity of the 
ordinary emission. However, when comparing the nature of the polariza- 
tion it must be remembered that the data on the quantity 0, relate not. 
only to region I but are the result of some averaging over the local 
source. For example in the majority of polarized measurements of the 
centimetric band (interferometer or eclipse measurements) we obtain a. 
one-dimensional distribution of the clockwise and anti-clockwise polarized 
emission over the local source (see section 5); therefore the value ọ, ~ $ 
found actually relates to the emission within a narrow band passing through 
the local source. The corresponding degree of polarization of the magneto- 
bremsstrahlung in a band passing through the centre of the source will 
then obviously bet 
A°AL#—J®) by l 
em e~ TOFTE PD 
(the numerator contains the difference of the fluxes of the extraordinary and 
the ordinary emission, the denominator contains their sum within the band 
in question). At wavelengths of 4-6 cm, where 0, is maximal, I® < 19. 
Allowing for this fact and putting 0, ~ $ in (29.21), we find that b; ~ by/2. 
By combining the information given in the present and preceding sub- 
sections about the frequency spectra of bremsstrahlung and magneto- 
bremsstrahlung in local sources above spots we can see that in the milli-. 
metric band the observed radio emission with Tẹ « 10° °K should have a 
purely bremsstrahlung origin with a constant intensity over the band. The. 
value of the intensity J at these wavelengths actually also determines the- 
intensity of the bremsstrahlung in the centimetric and decimetric bands 
(Fig. 169), giving, moreover, values for the latter which are too high (see 
below). Therefore the real importance of this type of emission can be judged 
with certainty only from measurements of J in the millimetric band.t: 
Unfortunately only single observations of this kind have been made to. 
date (section 10). 


t Without allowing for the halo. 

t We note that it is measurements of the intensity 7 and the degree of polarization 
e. in the horizontal part of the spectrum at millimetric wavelengths (and possibly at the 
beginning of the centimetric band), where the emission is bremsstrahlung in origin and 
escapes from optically thin regions, which can give the information about the measure. 
of emission } N? di and the field strength H, in the lower corona above spots, which was 
obtained before in many papers (without sufficient basis for doing so) from results of 
observations at A > 3 cm. 
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At centimetric wavelengths the part played by magneto-bremsstrahlung 
is very important: even if the intensity of the bremsstrahlung at 4 < 3 
cm reaches its upper limit (curve Iin Fig. 169) the magneto-bremsstrahlung 
component of the emission is definitely determinative near A,,,, (see in the 
figure the part of the spectrum relating to magneto-bremsstrahlung). At 
À Z Anax ~ 5-10 cm the contribution of the magneto-bremsstrahlung 
mechanism is actually greater than the shaded area in figure, since the 
intensity of the bremsstrahlung here will be less than the corresponding 
value in the millimetric band. This is caused by the reduction in the gener- 
ation region of bremsstrahlung escaping beyond the corona when the 
optically thick levels œ ~ 20,, © ~ 3w, rise from the chromosphere into 
the corona. 







Ty rel units 


3cm Ama 


Fic. 169, Relative contribution of bremsstrahlung and magneto-bremsstrah- 
lung mechanisms to the frequency spectrum of a local source above a spot 
(Zheleznyakov, 1963). 


It is quite possible that even in the decimetric band the S-component 
above spots has a magneto-bremsstrahlung origin since the gyro-resonance 
levels w ~ 30, © =~ 2w y (i.e. the fields Ho ~ 180-270 oe for A ~ 20 cm) 
are located at altitudes h ~ 0-1R, (when Ho, ~ 2°5X 108 oe). As a result 
the bremsstrahlung generation region moves only in higher and more 
tarefied layers of the corona h ~ 0-1R,; its intensity decreases consider- 
ably because of a decrease in the emission measure fn 2d]. The observed 
values of the altitude of local sources at 2 ~ 20 cm (h ~ 0-03R,-0°15R,, 
on the average about 0-06R,) agree better with the assumption of the 
magneto-bremsstrahlung nature of the radio emission, although great 
‘significance cannot be given to this statement because of the uncertainty 
of the strength of the magnetic field in the corona above spots, particularly 
at considerable altitudes, on the one hand, and because of inaccuracy in 
the estimates of the effective altitudes of the local sources on the basis of 
experimental data on the other. 

After the decay of the strong magnetic fields connected with the spots 
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the emission mechanism of local sources becomes bremsstrahlung no mat- 
ter what it was before. The sharp decrease in the Tq of local sources at 
centimetric wavelengths after the disappearance of spots once more indi- 
cates the predominance of magneto-bremsstrahlung from regions above 
spots in this band. 


ORIGIN OF RADIO EMISSION OF HALOES AND LOCAL SOURCES ABOVE 
FLOCCULI FREE OF SPOTS 


If in regions above spots a very essential part is played by the magneto- 
bremsstrahlung mechanism, then the spectrum of a local source connected 
with flocculi free of spots (J ~ const in the range A ~ 3-20 cm; see Fig. 
161) can be fully explained on the basis of the bremsstrahlung mechanism 
alone, assuming that the critical wavelength A,, (29.7) in this case is far 
greater than 20 cm. The latter condition means that in the range studied 
a local source above flocculi (i.e. a region of the corona with enhanced 
density) is optically thin: t «< 1. Then, in accordance with (29.8), the 
emission intensity is Z ~ 21x = const and the effective temperature is 
Tea ~ Tt « T, where T is the temperature of the corona. This agrees well 
with the observations. We note, furthermore, that the criterion 2., > 
20 cmf givesan upper limit for the emission measure in the corona above 
flocculi (see (29.7)) of NL < 3X10 electron?/cm> when T ~ 108 °K. For 
L ~ 5X10° cm this corresponds to a concentration of N < 8X 10° elec- 
trons/cm?. The actual value of N can be estimated from the observed value 
of Tg at wavelengths of 22 « 22,- 

When discussing the nature of the frequency spectrum of a local source 
above flocculi we have neglected the presence of magnetic fields in 
these regions. It is not hard to check that this is quite legitimate since the 
strength of the latter (judging from measurements at the level of the photo- 
sphere) does not exceed 100-200 oe (section 2). Then at à ~ 20 cm the 
‘ratio w3,/m? S 310-2 and falls rapidly as the wavelength decreases; 
therefore the influence of the magnetic field does not have any significant 
effect on the form of the bremsstrahlung frequency spectrum (see (29.10)). 
Valuable information on the strength of the magnetic fields in local sources 
of the type under discussion could be provided by measurements of the 
polarization of the radio emission or even by data on its upper limit. 

Such low values of the ratio w/w do not let us link the emission from 
regions above flocculi with the action of a magneto-bremsstrahlung 
mechanism at frequencies of w ~ wy, 2w,,, 3@ y. It must be said that the 
latter also remains entirely valid for the flocculi surrounding groups of 


t In practice it is sufficient for A,, to be only two or three times greater than 20 cm. 
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spots when explaining theradio emission at millimetric and centimetric wave- 
lengths. This is quite understandable since the magneto-bremsstrahlung 
mechanism in these bands becomes effective only when there are strong mag- 
netic fields in the lowest layers of the corona above the flocculi (for example 
at A ~ 3 cm fields of Hp ~ 1200-1800 oe). It follows from this that the 
weak halo around a bright source that can sometimes be observed in the 
centimetric band may be connected only with the bremsstrahlung of the 
coronal electrons, whose level increases because of the high density of the 
coronal plasma above centres of activity. Since the T,, of the halo does 
not exceed 10° °K (whilst T ~ 2 10° °K) it is clear that the region under 
discussion remains optically thin (t « 1) and the effective temperature 
Te remains equal to Tr = TA?/A2. at wavelengths of 4? < 42; in the range 
where 4? > 42. the effective temperature is T,; ~ T. If at A ~ 3 cm the 
T.a of the halo reaches 105 °K the value of A,, is obviously 13-5 cm. Then 
atA z 13-5cm T,, will be close to T ~ 2108 °K, i.e. is comparable with 
T. in the central part of the source in complete agreement with the obser- 
vations. In the decimetric band the halo, as a region with a lower emission 
intensity, ceases to exist and the source with a more or less uniform distri- 
bution of radio brightness increases its size, which is comparable with the 
diameter of the spots or group of spots at centimetric wavelengths to the 
size of the accompanying group of flocculi (plages). In this case, as is clear 
from what has been said, the bremsstrahlung mechanism provides a 
complete explanation of the observed features of the emission outside 
spots above flocculi. 

For lower values of the halo’s Tẹ the critical wavelength 2,, moves 
further into the decimetric band. Then the sharply non-uniform distri- 
bution of the radio brightness over the source disappears only at longer 
wavelengths. With very small values of T, for the halo (less than (3-5) X 
104°K atà ~ 3-10cm) A,, will lie in a range of wavelengths longer than about 
50 cm. Here the bremsstrahlung mechanism of the radio emission of 
sources surrounding spots cannot explain the absence of a clear-cut differ- 
ence between the values of T,, above spots and flocculi in a centre of 
activity at decimetric wavelengths. In this case therefore we must admit the 
existence in the lower layers of the corona located above flocculi of magnet- 
ic fields Ho ~ 230-350 oe, thanks to which the levels œ ~ 2w,, 3m, at 
wavelengths of å = 15 cm will be located in layers of the corona with 
T ~ 2X10° °K: the magneto-bremsstrahlung of these levels with Toe ~ T 
will provide the necessary balance of radio brightness over the source in 
this band. On the other hand, at centimetric wavelengths this kind of mag- 
netic field is insufficient for escape of the emitting levels w = 20, 30, 
into the corona and effective action of the magneto-bremsstrahlung mecha- 
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nism. Therefore at A $ 10 cm the halo radio emission will be bremsstrah- 
lung as before.t The bremsstrahlung origin of the halo at centimetric 
wavelengths (and also in the millimetric band) makes it possible to find 
easily the value of the electron concentration N (to be more precise the 
measure of emission N?L) from known values of T,, and T in the 
optically thin regions of the corona above flocculi. 

It must be assumed that the density of these regions in any case is not 
greater than the density of the regions of the corona which are located 
directly above spots. Since the kinetic temperatures here have comparable 
values, it follows from what has been said that the intensity of bremsstrah- 
lung above spots (without allowing for optically thick levels w ~ œ y, 204, 
3e,, which prevent the escape of radio emission from the lowest layers 
of the corona) does not fall below the intensity of the halo. Because of 
this the latter quantity can be taken (with the reservation indicated) as the 
lower limit of the bremsstrahlung intensity in regions above spots (see curve 
II in Fig. 169). 

In conclusion we note that in favour of the idea of the connection of the 
halo with a bremsstrahlung mechanism is the strong changeability of the 
value of the halo’s 7, and size from day to day, which is probably con- 
nected with variations in the value of N2Z in the optically thin source. The 
magnetic field in a centre of activity is more stable; therefore it is hard 
to explain the changeability of the halo in the framework of the magneto- 
bremsstrahlung mechanism. At the same time the action of the magneto- 
bremsstrahlung mechanism in regions above spots allows us to understand 
the characteristic stability of the S-component even at wavelengths of 
A < 5-10 cm? which exists despite the sharp variations in the electron con- 
centration in the so-called lasting coronal condensations with Ñ ~ 4x 10° 
electrons/cm?. 

Following Waldmeier and Müller (1950) condensations of this kind are 
generally taken as the sources of the slowly varying component. Since, 
however, the life of condensations is measured only in days and of the 
S-component in months, the high electron concentration characteristic of 
coronal condensations not being necessary when interpreting the emission 
under discussion, it is clear that this idea must be re-examined. It is more 
probable that the generation of the slowly varying component occurs 


t At the same time noticeable polarization of the halo (e, = 15% at A ~ 3 cm) is 
possible. 

Į At A > 5-10 cm, where Tan is close to the temperature of active parts of the co- 
rona, emission leaves optically thick regions (r, > 1) no matter what mechanism created 
it. Here, of course, variations in the field H, and concentration N are not reflected in 


the value of T.s if the values of H, and N do not fall below a certain level determined 
by the condition z; ~ 1. 
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simply in regions above centres of activity with a moderately enhanced 
concentration (up to 210° electrons/cm® at the solar cycle maximum) 
which exist for a time comparable with the spot’s life. (It was regions of 
enhanced intensity in the corona of this kind that were investigated by 
Newkirk (1959).) At the same time the appearance of long-lived coronal 
condensations should essentially be reflected in the level of the radio 
emission of local sources in the millimetric wavelength region and in the 
halo emission in the centimetric band, i.e. in regions and conditions when 
the radio emission has a bremsstrahlung origin and is generated in opti- 
cally thin layers. Unfortunately the correlation between these radio and 
optical phenomena has not yet been investigated. 


* 
* * 


The observed characteristics of the slowly varying component are there- 
fore caused by the combined action of bremsstrahlung and magneto- 
bremsstrahlung mechanisms in regions with an enhanced plasma density 
and local magnetic fields above centres of activity. Bremsstrahlung alone 
is insufficient to explain the spectral and polarization features of the S-com- 
ponent, although at millimetric wavelengths above spots and in the milli- 
metric—centimetric bands above the surrounding flocculi radio emission 
with T.4 «< 10° °K has a bremsstrahlung origin with a constant intensity 
over the band. At centimetric wavelengths and particularly near the maxi- 
mum of the spectrum (A ~ 5-10 cm) magneto-bremsstrahlung of electrons 
in a magnetic field becomes very significant at frequencies that are multiples 
of the gyro-frequency: @ ~ 2,,, 3wy; however, for sources with a rela- 
tively weak magnetic field the magneto-bremsstrahlung mechanism must 
yield pride of place to bremsstrahlung. It is possible that magneto-brems- 
strahlung also plays an important part in the decimetric band. More defi- 
nite conclusions on_the relative contribution to the S-component from 
bremsstrahlung and magneto-bremsstrahlung for these wavelengths can be 
drawn only after accurate measurements of the intensity of the S-compo- 
nent in the millimetric band, since the latter to a considerable extent 
determines the level of bremsstrahlung at longer wavelengths as well. 

The scheme developed above for the generation of the slowly varying 
radio emission, based on the combined action of magneto-bremsstrahlung 
and bremsstrahlung mechanisms, cannot, of course, be considered final, 
although it can be taken that basically it is true. At the same time further 
investigation of these phenomenon both experimentally and theoretically 
is absolutely necessary. Of particular interest here is the calculation of the 
characteristic curves of the S-component for actual models of a centre of 
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activity (distributions of 7, N and Ho) based in the final event on the data 
of optical observations; calculations of this kind allow us to judge with 
greater certainty the physical conditions in active regions of the corona 
and chromosphere.' As for experimental investigations, they should first 
be directed to determining more accurately the basic characteristics of the 
S-component (particularly the frequency spectrum, the polarization and the 
distribution of radio brightness over the source) and to studying the corre- 
lation of the spots’ magnetic field strength with the altitude of the local 
sources’ emitting region, and also of the connection between the altitude 
of the latter and the wavelength. Connections of this kind should exist if 
the ideas discussed above about the part played by magneto-bremsstrah- 
lung in the generation of the S-component are correct, but they have not 
yet been investigated.t 


t This work has been done recently for one model of a centre of activity by Zlotnik 
(1968a, b). 

t See, however, section 10, where some data are given on the increase in altitude of a 
source of the S-component together with the wavelength. 
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Theory of the Sun’s 
Non-thermal Radio Emission 





30. Generation of Continuum-type Sporadic Radio Emission 


When analysing the solar radio emission the continuum-type components 
cover the components which have a comparatively “smooth” dynamic 
spectrum without any details: i.e. the basic and slowly varying components, 
microwave bursts, the enhanced radio emission connected with spots, 
types IV and V radio emission, and also events of the decimetric contin- 
uum and continuum storm type. The theory of the first two components 
has been given in sections 28 and 29; here we shall dwell on the problem 
of the origin of the remaining components, stressing that the relatively 
stationary nature of the radio emission under discussion and the broad 
spectrum of the frequencies occupied indicate a non-coherent generation 
mechanism.t The point is that coherent emission connected with amplifi- 
cation of the waves generally appears in limited frequency ranges and when 
there are special forms of particle velocity distribution which exist for only 
a limited time (see section 27). 

As has already been pointed out in Chapter VIII, the non-coherent emis- 
sion of charged particles in the coronal plasma is made up largely of brems- 
strahlung, magneto-bremsstrahlung and Cherenkov emission. In the actual 
conditions of the solar corona the Cherenkov emission energy of an individ- 
ual electron may in general be comparable with the magneto-bremsstrah- 
lung energy; here both exceed the bremsstrahlung energy by many orders 
(section 26). 

The low intensity of the bremsstrahlung may be used to explain the fact 
that the action of the bremsstrahlung is sufficient only for creating the 
“quiet” Sun’s radio emission with an effective temperature T,, ~ 10° °K, 
parts of the slowly varying component and possibly a certain fraction of 
the emission of microwave bursts (see below). Since as the velocity of the 


t See the introduction to Chapter VIII for the division of the radio emission genera- 
tion mechanisms into coherent and non-coherent. 
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electrons increases the energy they emit in collisions decreases it becomes 
clear that the bremsstrahlung mechanism cannot provide generation in the 
corona of sporadic radio emission with T, > 10° °K. On the other hand, 
all other things being equal, non-coherent Cherenkov mechanism is less 
effective than the magneto-bremsstrahlung mechanism because of the 
strong attenuation of the Cherenkov emission due to transformation of 
waves as they leave the corona. It is therefore reasonable to assume that 
a non-coherent magneto-bremsstrahlung is most promising for interpreting 
the majority of the sporadic radio emission’s components of the continuum 
type, although in certain cases (the S-component, microwave bursts) a 
certain contribution is also undoubtedly made by a bremsstrahlung mecha- 
nism.t A more definite conclusion about the part played by these mecha- 
nisms can be drawn only after comparing the observed characteristics of 
the continuum-type radio emission with the expected characteristics of the 
magneto-bremsstrahlung and bremsstrahlung in centres of activity. The 
present section is devoted to this problem. 


ORIGIN OF MICROWAVE BURSTS AND CERTAIN PHENOMENA ACCOMPANYING 
THEM 


As regards the different types of microwave burst (A, B and C) the most 
straightforward is the question of the nature and conditions of generation of 
type C radio emission (“gradual rise and fall”) since, as has been remarked 
in section 11, this radio emission has much in common with the slowly 
varying component. According to section 29, this component is generated 
by coronal electrons by the combined action of bremsstrahlung and mag- 
neto-bremsstrahlung mechanisms in regions above a centre of activity hav- 
ing an enhanced electron density and a local magnetic field, and being 
heated to a temperature of T ~ (1-2) 10° °K. Type C bursts apparently 
appear in a similar manner and by the action of the same mechanisms, the 
only difference being that the S-component appears with a lengthy (tens 
of days) increase in the electron density relative to its unperturbed 
coronal value and the penetration of the spots’ strong magnetic fields into 
the corona, whilst the bursts under discussion are connected with a further 
rise in the concentration above part of a centre of activity in short-lived 
(of the order of an hour) coronal condensations. The relative contribution 
of both mechanisms to the observed type C radio emission can be judged 


t Of course, the magneto-bremsstrahlung mechanism will play such a big part only 
if strong magnetic fields exist in the generation region which are sufficient to transfer 
the magneto-bremsstrahlung frequency into the metric-centimetric band. Realization 
of this condition in the corona above centres of activity does not generally cause any 
particular difficulties. 
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only after careful investigations into the nature of the frequency spectrum, 
just as in the theory of the S-component (see section 29). 

For type A events (“simple” bursts) the position is more complicated: 
the effective temperature of microwave outbursts reaches values of the 
order of 10’-10®°K which cannot be obtained in a quasi-equilibrium 
plasma with T ~ 10° °K. Here, in all probability, the high T,, owe their 
appearance in the flare (with which the microwave burst is connected) to 
energetic electrons whose magneto-bremsstrahlung in the local magnetic 
fields of the centre of activity produces the observed radio emission. 
The variation in the angular size of sources of type A bursts during their 
development and the attainment of a minimum value at the time of the 
minimum phase of the burst indicate that the acceleration of charged 
particles on the Sun is connected with some process or other of plasma 
compression in the region of the flare. The time of maximum compression 
then corresponds to maximum electron energy, maximum emission inten- 
sity and a minimum size of the generation region. The necessity for ener- 
getic electrons disappears for the generation of weak type A bursts (with 
Toe ~ 10°°K): bursts of this kind, just as type C phenomena, may be 
caused by bremsstrahlung and magneto-bremsstrahlung of coronal elec- 
trons with a kinetic temperature T ~ 10° °K in the greater plasma densities 
above the flare. 

The source of type B bursts (“post-bursts”) is probably the region of 
enhanced density in the region of the flare which forms as the result of 
the plasma compression noted above; the emission mechanisms are similar 
to the mechanisms for type C events. Since the values of 7, may be rather 
large at the time of the slow fall (up to 10? °K) it is also quite possible that 
a certain part in the generation of type B radio emission is also played 
by comparatively fast electrons diffusing into a region surrounding a type 
A source and losing a considerable part of their energy in magneto-brems- 
strahlung during a “simple” burst. The decrease in the radio emission flux 
and the increase of the size of the source in the post-burst period becomes 
comprehensible from this point of view.t 

The fact that bremsstrahlung plays a noticeable part in the process of 
generating microwave bursts follows from the analysis of the frequency 
spectra obtained by Hachenberg and Wallis (see section 11). They discov- 
ered that the spectrum of the majority of bursts studied (among which 
were type A, B and C bursts) can be described by the relation S, oc A~? 
as far as wavelengths of A ~ 3-15 cm; at shorter wavelengths the rise in 
the emission flux is replaced by an interval where S, is not frequency- 


¢ See certain ideas on the generation mechanism of type B bursts by Kawabata, 
1960b). 
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dependent. According to Fig. 162 bremsstrahlung coming from a uniform 
volume of an isotropic plasma has this kind of spectrum; the region S, ~ 
const belongs to wavelengths of 4 < 4,, where the layer of plasma is 
optically thin, and the region S,, oc A~2 to wavelengths of à > Êa. where 
the plasma becomes optically thick. The broadening of the range of 
frequencies in which S, ~ const observed when a burst is dying away can 
be explained from the standpoint of the bremsstrahlung mechanism by the 
displacement of 2 „ towards the long wavelengths because of a decrease 
in the electron concentration N in the source (see (29.7)). 

The often observed maximum in the spectrum of microwave bursts may 
be caused by the effect of the strong magnetic field on the nature of the 
coronal electrons bremsstrahlung or be connected with the magneto- 
bremsstrahlung of the electrons at gyro-resonance levels just as in the case 
of the S-component. The formation of the spectral maximum may, of 
course, also be caused by the synchrotron radiation of relativistic 
electrons; here, as is easily seen from the formula (26.48), the requirements 
imposed on the strength of the magnetic field in the generation region will 
be far milder.t 

In section 17 we were able to check that the region of a chromospheric 
flare and its vicinity are a source of electromagnetic radiation in a broad 
spectrum of frequencies, including microwave bursts, X-rays and gamma 
radiation. In addition, in certain vary rare cases the flare becomes visible 
in integrated light even against the background of the bright light of the 
photosphere. (The latter fact allows us to give the lower estimate of the 
flux of optical radiation from the flare of Sygn > 107? Wm~?c/s“! 
(Stein and Ney, 1963).) The theory of the electromagnetic radiation di- 
rectly connected with chromospheric flares should explain from a unified 
point of view the origin of frequencies which are so widely separated on 
the scale yet are phenomena which are so closely connected with each other. 
At present there is not yet any theory developed in detail for the electro- 
magnetic radiation from the vicinity of flares; below we shall discuss some 
possible hypotheses on the origin of the radiation which in future can be 
used as a basis for this theory as experimental data are accumulated and 
interpreted. 

Starting with optical radiation in the continuous spectrum, we shall first 
of all indicate the possibility of explaining this radiation (as well as micro- 
wave emission) by the synchrotron mechanism of relativistic electrons. 


+ For the magneto-bremsstrahlung mechanism of microwave bursts see Takakura, 
(1959 and 1960), Zheleznyakov (1965a) and Gelfreich (1962) for the bremsstrahlung 
mechanism. 
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Gordon (1954) has drawn attention to this possibility; it has been 
discussed in detail by Stein and Ney (1963). 

Let the maximum of the frequency spectrum of magneto-bremsstrahlung 
of electrons with an energy £ in a field Ho be in the optical frequency range 
w ~ 4X 1045 sec™; according to (26.48) this occurs if 


2 
Om = On (ses) =~ 2m ~ 8X101 sec—1, (30.1) 


The assumption made is entirely reasonable since Signe > Sy ~ 23X107! 
W m*c/s~1 (S, is the spectral radio emission flux during the microwave 


burst).t Then the energy emitted by an electron in the optical band (w ~ 
©,,/2) in unit time and frequency is 


dE i È 
(T) ~ 1620n, (30.2) 
and in the radio band (w « @m/2) is 
dEr e? mce? 2/3 
—— ~ 4— w! — 30.3 
(a)... c” (ox z) € ) 


(see (26.45), (26.46) and (26.48)). Allowing for (30.1) the expression (30.3) 
will become (with œ ~ 27X10? sec™}, i.e. at A ~ 3 cm) 


ads ae -2 e 
(a) (© 8x10? Son. (30.4) 


If the system of emitting electrons remains optically thin in both the bands 
under discussion, then the ratio of the emission fluxes in the optical band 
and at radio frequencies is equal to the corresponding ratio d&,/dt for a 
single electron, i.e. about 20 (see (30.2) and (30.4)). This does not contra- 
dict the experimental data, according to which the radiation flux in the 
optical range is one or two orders higher than the flux at centimetric 
wavelengths. 

If follows from (30.1) that in fields of Ho ~ 510? oe the maximum of 
the spectrum lies in the optical range with electron energies of £ ~ 10°X 
mc? ~ 5X108 eV. This energy can be considered exceptionally high, 
but a flare in integrated light also is an exceptional phenomenon. Finally 
the total number of fast electrons f N,dV required for creating radio emis- 
sion with S, ~ 2X10-71° W m~*c/s“! and noticeable optical radiation can 


t Unfortunately the information on the value of S$; during flares that can be seen in 
integrated light is very limited; here we have taken the radio emission flux at A = 3 cm 
during the flare of 31 August 1956 when the spectral flux in the optical range was 
2x10 -17-3 10-18 W m —? c/s ~! (Hachenberg, 1960). 
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easily be estimated from (30.4); it turns out here that 


fN: dV ~ 10% electrons. (30.5) 


We have already noted above that hard radiation (X-rays and some- 
times even gamma radiation) is recorded in flares as well as radio emission. 
An example of an event accompanied by a burst of gamma rays with 
an energy of 0-2-0-5 MeV per quantum is the flare of 20 March 1958 
(see sections 11 and 17). Its radio emission is in all probability the 
synchrotron of relativistic electrons in local magnetic fields on the Sun. 
The close correspondence between the radio and the gamma bursts leads 
us to believe that the gamma radiation was caused by the same agent 
(relativistic electrons). Peterson and Winkler (1959) interpreted the gamma 
radiation as the bremsstrahlung of electrons with an energy of ó ~ 1 
MeV. This point of view is also supported by Elwert (1961) and Takakura 
(1962) despite the difficulties pointed out by Peterson and Winkler. Then 
Gordon (1960) drew attention to two other possible mechanisms for the 
generation of the gamma-radiation: annihilation of proton—electron pairs 
and the “inverse” Compton effect. The latter mechanism has recently been 
discussed in detail in the paper of Zheleznyakov (1965a) in close connec- 
tion with the synchrotron mechanism of radio emission; we shall be dis- 
cussing later the bremsstrahlung and “annihilation” mechanisms of 
gamma-quantum generation. 

The “inverse” Compton effect is the name sometimes given to the scat- 
tering of energetic electrons on “soft” photons accompanied by a transfer 
of energy from the electrons to the photons. When a relativistic electron 
interacts with an optical photon the latter acquires an energy (Ginzburg 
and Syrovatskii, 1964, section 8) 

[er 
AE x E (<a) (30.6) 
(& is the energy of the electron, Z is the mean energy of the light photon). 
The “Compton” energy losses of a relativistic electron in unit time can be 
described by the expression (Ginzburg and Syrovatskii, 1964, section 8) 
dé 


2 
(=) ~ 2X10-M@ Wop ($) erg/sec. (30.7) 


Here W,, is the energy density of the light radiation expressed in "ergs. 
The “inverse” Compton effect is of interest to us since with large ratios 
¢/mc* the photon energy rises to values characteristic of y-rays; here the 
y-radiation flux, because of the high density of the light emission near the 
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Sun’s surface, is intense enough to explain the hard radiation connected 
with certain chromospheric flares.t 

Considering the energy of the y-quanta to be AZ ~ 0:35 MeV = 5-:7X 
10~ erg (flare of 20 March 1958) and making the mean energy of the 
photons in the photospheric optical radiation E ~ 410-1? erg, we can at 


once obtain from the formula (30.6) the necessary energy of the relativistic 
electrons: 


ma ~ 4X10; Lx 2X 108V. (30.8) 


We can use (30.7) to find the total number of such electrons (denoted 
f N,aV) by proceeding from the value of the observed flux of y-radiation 
on Earth S., ~ 2:2X107-5 erg/cm~*sec"+. The latter value corresponds 
to a total y-radiation power of 47Ry_pS,, ~ 6X 10% ergs/sec (Rsp © 
1:5 10" cm is the distance of the Earth from the Sun), which leads to 
the estimate 

J NsaV ~ 4x10% electrons (30.9) 


(with an optical radiation energy density of Wy ~ 5 ergs/cm3). If we 
take the linear dimension of the quantum generation region to be equal 
to the diameter of the radio emission source at A ~ 3cm(~5’, i.e. 2X10" 
cm), then the relativistic electron concentration sufficient to produce the 
observed gamma-radiation flux is 0-5 electron/cm?. 

Let us now see whether we can interpret the microwave burst observed 
during the flare of 20 March 1958 in the framework of the synchrotron 
mechanism if we bring in for this purpose the electrons which are the 
source of the gamma radiation. 

The spectral intensity of the synchrotron emission of relativistic 
electrons is defined by the formula (26.45). It follows from this for- 
mula that for a mono-energetic electron spectrum the radio emission 
intensity will (in accordance with the observations at 4 2 3 cm; 
see section 11) fall as the wavelength rises if w/w,, = (w/wy)X 
(meje) = + at A = 3cm. The case w/w,, = + does not in all probability 
occur in the corona since it requires too small a magnetic field: Ho ~ 
5X1072 oe when &/mc? ~ 4X10?; it may be expected that Ho Z 1 oe 
and is most probably several hundreds of oersteds (in the region of a 
centre of activity). Therefore w/w, << +3 then the synchrotron energy of 


t It will subsequently become clear that the effectiveness of the Compton effect on 
optical photons under solar conditions quite suffices for interpreting the observed 
gamma radiation. There is therefore no need to introduce infrared rays coming from 
the flare region instead of light quanta as was done by Gordon (1960). In the latter case 
for the same energy of generated gamma quanta the requirements for the energy of the 
relativistic electrons rise at once. 
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one electron (in 1 sec and in a 1 c/s range) is 


2 2\ 2/3 
(Z). =45 on (ox z) (30.10) 
(see (26.45) and (26.46)). 

We can judge the magnitude of Ho more definitely if the life of a burst 
t ~ 20 sec is caused the energy losses of an electron in synchrotron. 
It follows from the formula (26.49) for synchrotron losses that a relativistic 
electron halves its energy in a time 


3ce f{mc?\? 
tz Aila) é. (30.11) 


Putting, in accordance with (30.8), jme = 4X10, ~ 3X10~4 erg and 
considering also that f ~ 20 sec we obtain wy ~ 45X10° which cor- 
responds to a value of Ho ~ 260 oe.t 

The total energy emitted by a system of f N, dV ~ 4X10% electrons in a 
field Ho ~ 260 oe at a wavelength à ~ 3 cm can be found easily by means 
of (30.10); it is 2-710" ergs sec™t c/s71, which corresponds to a flux 
density on Earth of 10-2! W m~2c/s—1. The latter value is approximately 
a tenth of the value measured by Kundu and Haddock (1961) and Denisse 
(1959b). Great significance should not be attached to this difference, how- 
ever, if we remember the low accuracy of the absolute measurements of the 
radio emission and gamma-ray fluxes on the one hand and the probable 
energy dispersion of the fast electrons on the other. (This difference can 
be reduced by an appropriate choice of electron distribution function 
with respect to the energies & since the efficiency of the radiation of an 
electron in the radio band and in gamma-rays depends differently on the 
energy of the particles.) 

It should be noted that in the framework of the formula (30.10) the 
frequency spectrum of the synchrotron emission corresponds to the ob- 
served spectrum only qualitatively: the variation in intensity with fre- 
quency as w"? proceeds too slowly. In experiment the spectrum dropped 
more steeply towards the long wavelengths, decreasing by a factor of 25 in 
the transition from 3 cm to 21 cm (see Denisse, 1959b). At the same time 
the “cut-off” of the spectrum at wavelengths of A 2 15 cm becomes under- 
standable if we remember the strong gyro-resonance absorption of these 
waves in the corona (in the presence of a field Ho ~ 260 oe effective ab- 
sorption at the third harmonic œ ~ 3w, starts from å ~ 13-5 cm). 


t It is not hard to calculate that the Compton losses in the case of interest to us are 
far less than the synchrotron losses. 


ł For gyro-resonance absorption in the corona see sections 26 and 29, Table 6 in 
particular. 
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Let us now discuss the bremsstrahlung mechanism of gamma-quantum 
generation (Peterson and Winkler, 1959). 

The total losses to bremsstrahlung of an electron in an ionized plasma are 
(Ginzburg and Syrovatskii, 1964, section 8) 


dé =] -16 ig : 
( a = 1:37X10- EN, (in <5 +0 36) . 30.12) 
We know that emission of gamma-quanta with a mean energy of £ ~ 
0-2-0°5 MeV will be ensured if the electrons have comparable energies: 
in the bremsstrahlung of very energetic electrons (for example of such as 
are necessary for the Compton mechanism) the mean energy per quantum, 
in contradiction to the observations, will be higher. With a fast electron 
energy of ~ 2 MeV the bremsstrahlung losses are 
dé 


n ~ 77X10-2 KN, 
(a Jaa 


calculated for one particle and 


= (T) J N.dV ~ 17X1072N; f N: dV (30.13) 
t brems 

for the whole system emitting particles. On the other hand it follows from 

the observed gamma-ray flux on Earth (2-2X 1075 erg cm~? sec™1) that 

the value of (30.13) should be 6x 10?2 ergs/sec, which with the bremsstrah- 

lung mechanism occurs only for 


N+ f NodV ~ 7-8X 108 cm. ' (30.14) 


In the corona with N, ~ 4X10° cm™ this is possible when Í N,dV ~ 
2X10% electrons. 

On the other hand, the value of f N,daV can be estimated afresh from 
the requirement that the synchrotron flux of a system of fast particles 
at centimetric wavelengths should correspond to that observed. When 
& ~ 2 MeV the maximum of the frequency spectrum is at å ~ 3cm in 
fields of Hy ~ 450 oe (displacement of the maximum towards the shorter 
wavelengths or of the energy & towards the lower values is of low proba- 
bility since this would lead to an unjustified rise in the required quantity 
Ho). Under these conditions the energy emitted by an electron in unit time 
and frequency is (d¢,/dt),, ~ 1-6(e?/c)@,,. From this it is easy to find that the 
radio emission flux recorded on Earth from the flare of 20 March 1958 
(about 1072 W m~? c/s} at A ~ 3 cm) should have been generated in 
the corona by a system fn,av ~ 2:7X10* electrons. For a source with a 
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volume of 8X10% cm? this corresponds to an electron concentration of 
N, ~ 0:3 electron/cm?. 

The difference of five orders between the number of electrons necessary 
for generating gamma-radiation (by the bremsstrahlung mechanism) 
and the number of electrons sufficient to create radio emission (on the 
basis of the synchrotron mechanism) proves the impossibility of a 
bremsstrahlung origin for the gamma-rays if the source of the latter is 
localized in the corona. The situation becomes more favourable, however, 
if we assume, following Takakura (1962), that the region where the gamma- 
quanta are born isin the lower layers of the Sun’s atmosphere, since there 
the concentration of heavy particles (ions N, or neutral atoms N,) is far 
higher than the coronal one. For example, in the case when the configura- 
tion of the magnetic fields in the centre of activity makes possible the pene- 
tration of fast electrons from a radio emission source in the lower corona to 
the level of the photosphere (thanks to which a concentration of relativistic 
electrons is maintained in it close to the concentration N, ~ 0-3 electron/ 
cm? in the radio emission source), the total number of energetic electrons 
in a layer of the order of 10° cm thick near the photosphere will reach 10” 
(when the area of the gamma and radio emission sources projected onto the 
photosphere is the same). Since in the photospheric layer N, ~ 4x 1015 
cm3 (see Table 1 in section 1), the product N, f N,dV will be of the order 
of 4X 10®, i.e. close to that required for the bremsstrahlung mechanism 
(30.14).t 

Unfortunately on the basis of the data available at present we cannot 
choose between the Compton mechanism of gamma-quantum generation 
in the lower corona and the bremsstrahlung mechanism in the photosphere, 
although the first is the most natural in our opinion. For the flare of 20 
March 1958 the choice depends upon the form of the radio emission’s 
frequency spectrum at 2 < 3 cm let us say at millimetric wavelengths: with 
emitting electron energies of £ ~ 2X108 eV (Compton mechanism) the 
spectrum should rise with the frequency; with energies of & ~ 2 MeV 
(bremsstrahlung mechanism), on the other hand, it should fall as the fre- 
quency increases. On 20 March 1958, however, no data were obtained on the 
amplitude of the microwave burst at millimetric wavelengths. 

A third possible way gamma-quanta may be formed in the solar corona 
and chromosphere is the “annihilation” of electron—positron pairs (Gordon 
1960). Most efficient here is the process of annihilation of slow electrons 


+ In the photosphere N, <« N, and the contribution of N to the bremsstrahlung 
is insignificant. When discussing the bremsstrahlung in collisions of electrons with 
neutral atoms we should, strictly speaking, use a formula that differs slightly from 
(30.12); this is not important, however, in our rough estimates. 
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and positrons (&,;,, «< mc?) with the appearance in each event of two gamma- 
quanta with energies fiw = mc? ~ 0-5 MeV. The “birth” of positrons in 
principle may occur either as the result of nuclear reactions or from colli- 
sions between energetic particles (¢,;, > 1 MeV). This possibility seems of 
low probability to us because of the small effective cross-sections of these 
processes, but it cannot be rejected without further study. If it turns out 
that the energy of the gamma-quanta is concentrated in a narrow range 
near mc? this will be a serious argument in favour of the “annihilation” 
hypothesis. 

Above we have been discussing the generation mechanisms of gamma- 
rays and radiation in white light, i.e. phenomena which are to a certain 
extent exceptional. A more usual (or more easily detectable) event is the 
generation in the region of chromospheric flares of X-rays (with an energy 
of the order of ones and tens of keV per quantum, i.e. with an energy less 
than the energy of the gamma-rays but far greater than the energy of the 
light photons). The close correlation between X-rays and microwave 
bursts noted in section 17 is an argument in favour of a common source for 
both phenomena. As for the actual mechanism of the X-radiation, 
it is best sought among the synchrotron Compton and brems- 
strahlung mechanisms that have been discussed above. Apparently the 
most probable will be the last mechanism which can always explain 
the observed level of emission by assuming high enough values for the 
concentration of ions N, or neutral atoms N, in the generation region 
(see (30.12) ), i.e. by assuming localization of this region in deep-down 
enough layers of the Sun’s atmosphere.t 

It is not excluded that a certain part is also played in the creation of 
X-radiation (and not only gamma radiation) by the Compton mechanism 
which from this point of view deserves careful study. Here, however, we 
cannot but allow for the sharp drop in the intensity of the Compton emis- 
sion together with the decrease in the energy of the hard quanta A2 on the 
one hand and of the higher values of the X-ray flux when compared with the 
gamma-rays on the other hand (by about five orders during the flare of 
31 August 1959, see Chubb, Friedman and Kreplin, 1960); both these fac- 
tors will lead to a sharp increase in the concentration N, of relativistic 
electrons. However, for smaller-scale phenomena the requirements 
imposed on the value of N, may prove to be not so rigid. The synchrotron 
mechanism as applied to the X-radiation (4 ~ 1-10 A) is effective only 
in very strong magnetic fields or with very high electron energies not 
reached under solar conditions. 


+ A preliminary discussion of the bremsstrahlung mechanism of the X-radiation of 
solar flares can be found in the papers by Kawabata (1960b) and Elwert (1961). 
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ORIGIN OF THE ENHANCED RADIO EMISSION CONNECTED WITH SUNSPOTS. 
(Ginzburg and Zheleznyakov, 1961). 

Moving on to discuss the mechanisms of radio emission of the continuum 
group in the metric waveband we note first of all that the choice is actually 
limited to two mechanisms: bremsstrahlung and magneto-bremsstrahlung. 
(see the beginning of this chapter). In actual fact, as applied to enhanced 
radio emission the following can be said about the bremsstrahlung mecha- 
nism. With reasonable assumptions about the nature of the magnetic 
field in the corona above spots the optical thickness ts connected with 
bremsstrahlung absorption in collisions of electrons with ions does not 
exceed a few units at a temperature of T ~ 10®°°K. Then 14°} oc T-3?; 
as T increases the effective temperature T,; = T(1—e~‘t) rises slightly 
(until 7{°3 z 1) and then starts to decrease as T-" (with 1{°¢ < 1; see sec-. 
tion 26). It is easy to confirm that the maximum value of the effective tem- 
perature of the bremsstrahlung in an equilibrium coronal plasma definitely 
does not exceed 107 °K, which is clearly insufficient for interpreting the 
enhanced radio emission in the metric waveband (or the type IV radio. 
emission). The criticism of Ryle’s theory (Ryle, 1948) by Piddington 
(1953) was in essence based on this circumstance; Ryle interpreted the 
enhanced radio emission connected with sunspots as the thermal radio. 
emission of local regions of the corona heated to 101° °K. 

If we remember, however, that a contribution is made to the quantity 
Tı, 2 by magneto-bremsstrahlung (gyro-resonance) absorption in layers. 
w = swg (s = 1, 2,3, ...) as well as by bremsstrahlung absorption, the- 
dependence on T changes significantly. It has been established in section 
26 that under normal conditions of the solar corona (N ~ 10° electrons/cm, 
T ~ 10° °K) the optical thickness is t, 2 1 for the resonance layers of the- 
corona W ~@;,, 20y (ordinary wave) and œ ~ 20 y, 3w,, (extraordinary wave. 
As the temperature of the plasma increases the value of t, rises in pro- 
portion to 7°~} at the levels œ ~ sw, (s = 2) and proportional to T in 
the gyro-frequency layer œ ~ w,,(s = 1). If in addition we remember that 
the levels œ ~ @y, 2m, in a strong magnetic field may be located higher 
than the layers of the corona where the refractive index is n, = 0 for ordi- 
nary and extraordinary waves, it becomes clear that the high intensity of 
the sporadic radio emission at metric wavelengths with T,, 2 10®°K can 
be explained in principle by the action of the magneto-bremsstrahlung 
mechanism which creates the thermal emission of regions of the corona 
with a local magnetic field of sufficient strength and temperature T ~ T,- 
There is no foundation for assuming, however, that conditions may arise: 
in the corona under which heating of the coronal plasma is possible to 
temperatures that exceed the normal temperature of the corona by more. 
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than three orders. On the other hand, the impossibility of explaining the en- 
hanced radio emission at metric wavelengths connected with sunspots by 
the magneto-bremsstrahlung of the coronal electrons (with energies 
corresponding to a kinetic temperature T ~ 108 °K) at the gyro-frequency 
is obvious (Kiepenheur, 1946). The corresponding objections against this 
idea have been raised by Ginzburg (1947). 

The great optical thickness of the resonance levels w ~ w,,, 2% y (ordinary 
wave) and w ~ 2w,, 3w,, (extraordinary wave) in the normal conditions 
of the solar corona and the rise in gyro-resonance absorption (emission) 
as the plasma’s kinetic temperature increases indicate that to explain the 
enhanced radio emission at metric wavelengths a sharp increase in the 
energy of all the particles in the emitting region is unnecessary. It is quite 
Sufficient to raise to the value of T._ the temperature T, of the sub-system 
of electrons, the concentration N, in which corresponds to values of the 
subsystem’s optical thickness of the order of unity. When Tẹ ~ 101 °K 
this leads to relativistic values of the electron energy of E ~ 10° eV. 

The magneto-bremsstrahlung mechanism of enhanced radio emission in 
this form (with the introduction of relativistic electrons) was put forward 
by Getmantsev and Ginzburg (1952); it was then treated more fully in the 
papers of Gershman and Zheleznyakov (1956), Ginzburg and Zhelez- 
nyakov (1961), Zheleznyakov (1955). It must be pointed out that with 
dower values of Tg the requirements imposed on the energy of the emitting 
electrons may be significantly reduced. For example with T, ~ 2-5 108 °K 
(which is sufficient for interpreting enhanced radio emission with Tg ~ 
2-5 108 °K) the sub-system of energetic electrons under discussion can 
still be considered weakly relativistic (65, = Vin,/c? ~ 01; Va, is the 
mean thermal velocity of the fast electrons) and for estimating the optical 
thickness of the resonance level it is quite permissible to use the formula 
(26.124) with the replacement of N by N, and $n by By,:t 


ssw 
Ths ~ alse vfa)? Ly (5s = 2), (30.15) 
Tj, s=1 ~ Tj, s=2- (30.16) 


In the relation (30.15) v, = 4xe?N,/mœ? and L,, is the characteristic dimen- 
sion over which the value of the magnetic field changes significantly. 


+t The necessity for this replacement is easy to understand if we remember that in a 
non-uniform magnetic field with 7, > T the coefficient of resonance absorption is 
Hi œ Np? (for s = 2) and wy, ~ N.f, (for s = 1) in a layer whose thickness is 
proportional to fin, (for further details see section 26). We notice that the formulae 
(30.15), (30.16) as applied to an ordinary wave are one or two orders too high in their 
values because numerical factors have not been allowed for. 
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It follows from (30.15) that with fa, ~ 0-1, Ly ~ 2X10 cm and w ~ 
27X108 sec™!, tw ~ 2g) ~ N,. Therefore the effective temperature 
of the emission of a sub-system heated to T, ~ 2-5 10° °K reaches the 
same value if N, ~ 1 electron/cm?. Calculations by the more accurate 
formulae given in section 26 do not change this estimate in any essential way. 

Above, when we were finding the optical thickness t, we allowed only 
for absorption by fast electrons with Bin, ~ 0-1. The explanation of this 
is that the sharp absorption of radio waves in the layers œ ~ w,,, 20, by 
the slower electrons of the corona (6%, ~ 1074) does not prevent the escape 
of the radio emission of the fast electrons located slightly above these layers. 
The point is that the thickness of the effectively emitting (absorbing) layer 
is proportional to the mean velocity of the electrons and for the subsystem 
of fast electrons is 8, /B,, times greater than for the corona electrons (in 
this connection see the formula (26.123) for the thickness of the resonance 
layer L,,). 

The nature of the polarization of the enhanced emission caused by 
magneto-bremsstrahlung depends on the height distribution of the fast 
electrons in the corona. For example, an ordinary component will predomi- 
nate in radio emission with a frequency w if the fast electrons with Bf, ~ 
0-1 are basically located below the level w ~ 2@,, i.e. emit in a layer with 
a frequency w ~ w,,from which only the ordinary component can escape 
beyond the corona. In the case when the energetic electrons are located 
largely above the level œ ~ w,, the extraordinary component can predomi- 
nate in radio emission at a frequency œ, since emission from the œ ~ wy, 
is small and in the layers w ~ 2w,, 3w,, ctc., the optical thickness for an 
extraordinary wave is greater than the corresponding value for an ordinary 
wave. Moreover, when the concentration of the emitting electrons is 
high enough, when the qt, of the subsystem in the layer œ ~ 2w p becomes 
greater than unity not only for an extraordinary wave but also for an 
ordinary one, the degree of polarization of the radio emission decreases 
significantly. Since the height distribution of the fast electrons depends on 
the actual conditions in the region of the spots (the nature and method 
of particle acceleration, the configuration of the magnetic fields holding the 
particles back, etc.) which, generally speaking, differ for different spots, the 
essential uncertainty in the sense of the polarization of the enhanced radio 
emission which is generally observed at metric wavelengths (section 12) 
becomes comprehensible. 

The directivity of the enchanced radio emission is partly connected with 
the phenomenon of refraction in the corona; however, from the point of 
view of the magneto-bremsstrahlung mechanism directivity will also be 
noticeable if in the generation region and the overlying layers n, ~ 1. 
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This is caused by the strong absorption in the corona in the œ ~ 20, 
layer of ordinary waves escaping from the w ~ wy level, and inthe œ ~ 30g 
layer of extraordinary waves from the w ~ 2m, level when they are prop- 
agated at large enough angles to the field Ho.t The resultant degree of polar- 
ization depends essentially on the structure of the magnetic field (which, 
generally speaking, points away from the Sun above spots) and also on the 
height distribution of the energetic electrons. 

The higher directivity for extraordinary waves connected with the more 
efficient absorption of the latter in the gyro-resonance layers may explain 
the predominance of the ordinary component in the composition of the 
enhanced radio emission which is nevertheless observed in observations of 
noise storms, despite the considerable uncertainty of the corresponding 
experimental data (see section 12). 

The gyro-resonance layers at which there is sharp absorption of ordinary 
and extraordinary emission are located above large groups of spots with a 
strong magnetic field far higher than the layer where € = 1—@}?/m* = 0 
or the layer for which the optical thickness caused by collisions is of the 
order of unity. From this we can understand why the region in which 
enhanced radio emission is generated is usually localized in high layers of 
the corona. 

The mechanism of magneto-bremsstrahlung has been discussed above 
as applied to enhanced radio emission of comparatively low intensity 
(Toe S 2°5X 108 °K); emission of this kind can be provided by weakly 
relativistic electrons. In the rare cases when Tg reaches values of the order 
of 10-1019 °K the energy of the emitting electrons should be raised to 
105-10° eV and, apparently, their concentration should be slightly increased. 
Then in the emission detected the relative intensity of the high harmonics 
rises ; however, both in the case of fà, < 1 and with £i, ~ 1 the harmonics 
cannot be resolved because of the considerable change in the strength of 
the magnetic field in a generation region with dimensions of L ~ 10° cm, 
and also because of the Doppler effect in the region fan; ~ 1. 

In the case when the enhanced radio emission is created by electrons on 
the edge of being relativistic the region of generation of emission at fre- 
quencies œ ~ sw,,will occupy a still higher position in the corona (because 
of the emission of harmonics with largé values of s); there is a correspond- 
ing decrease in the degree of directivity when compared with the emission 
of weakly relativistic electrons. It follows in particular from this that with 
a large T,, the distance from the enhanced radio emission generation 
region to the surface of the Sun, generally speaking, increases and the 

t The dependence of t; on « is not reflected in the formulae (30.15), (30.16) which are 
suitable only for making estimates. 
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degree of directivity decreases. Unfortunately, up to now, as far as we know, 
the nature of the dependence of the altitude of the generation region and 
the directivity on Tq has not yet been investigated experimentally. 

For more definite conclusions on the nature of the frequency spectrum, 
the polarization and the degree of directivity on the basis of the magneto- 
bremsstrahlung mechanism we must examine in detail the various possible 
distributions of the emitting electrons in the corona with respect to ener- 
gies and coordinates. In this connection it should be noted that the model 
of relativistic electron emission used by Gershman and Zheleznyakov 
(1956) and Zheleznyakov (1955) requires considerable correction. This 
model assumes that above spots relativistic electrons exist in both the 
outer and the inner layers of the corona and even in the transition region 
from the corona to the chromosphere. In the latter region, however, elec- 
trons with an energy of 105-10° eV would make too large a contribution 
to the emission at A ~ 10cm (with 7, ~ 10°-10'° °K) which is not ob- 
served in reality. 

As a whole what has been said above gives us reason to believe that 
the magneto-bremsstrahlung mechanism in solar conditions can explain 
the observed features of the enhanced radio emission connected with spots 
(intensity, strong polarization, directivity, close connection with the spots’ 
magnetic fields, etc.) if we assume that in regions of the corona with a 
strong magnetic field there exist electrons with a concentration of N, ~ 1 
electron/cm§ (or slightly higher) and an energy corresponding to a kinetic 
temperature of T ~ 108-10! °K. This assumption is realized if acceleration 
of charged particles (electrons) to energies of 105-10° eV occurs in the 
corona above sunspots. The corresponding arguments in favour of the 
existence of particles with energies of this order at the time of noise storms 
in regions of the corona above spots are given in section 17. 


MECHANISM OF TYPE IV RADIO EMISSION 


Let us now turn to type IV events whose basic characteristics are dis- 
cussed in section 15. The discussion of the correlation of type IV bursts 
with a number of geophysical phenomena carried out in section 17 made 
it possible to establish that, in all probability, type IV radio emission is 
generated in a bundle of plasma ejected from the region of a flare and mov- 
ing in the corona at a velocity of several thousand kilometres per second. 
This bundle with its “frozen-in” magnetic field also contains high-energy 
particles. Near the Earth these are largely protons, although in one case 
about which we spoke in the previous sub-section a high-energy electron 
component of solar corpuscular emission has been found. The polarized 
nature of type IV radio emission also indicates the existence of a magnetic 
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field in the generation region. The absence in certain cases of polarization 
of the radio emission indicates either that the lines of magnetic force are 
chaotic or that there is quite a high concentration of emitting electrons, 
due to which the optical thickness of the system for both kinds of wave is 
greater than unity and the effective temperatures are comparable. It is 
clear that to retain fast electrons for about an hour (the life of type IV radio 
emission) in a region with a linear size of L ~ 510" cm (ZL is the size of 
the type IV radio emission source) the magnetic field should be a good 
enough “trap”. 

What can we say about the generation mechanism of type IV emis- 
sion? From the considerations given in the introduction to this chapter 
it is clear that the very high effective temperatures of the type IV radio 
emission (T g >> 10° °K) make it impossible to interpret on the basis of 
the bremsstrahlung mechanism; at the same time the contribution of 
Cherenkov non-coherent emission, because of the low wave-transforma- 
tion efficiency, is small when compared with the synchrotron emission. 
In favour of this mechanism is the absence of systematic frequency drift 
(similar to that observed in type I bursts) when the emitting region moves 
a distance of several solar radii in the corona—apparently because of the 
relative constancy of the magnetic field strength which determines the 
frequency spectrum of the synchrotron emission (see (26.45)).t 

The hypothesis of the synchrotron origin of type IV radio emission, 
which has been given wide credence, was put forward by Boishot and 
Denisse (1957). The basic parameters of the system of emitting elec- 
trons for the case of type IV and without allowing for the effect of the 
ambient medium on the nature of the synchrotron emission are estimated 
in the paper of Ginzburg and Zheleznyakov (1961); for the conditions of 
type IV radio emission generation see also Takakura and Kai (1961), 
Akin’yan and Mogilevskii (1961) and Sakurai (1961).t 

The nature of the frequency spectrum of type IV radio emission (with 
a maximum at metric wavelengths and a smooth fall towards the shorter 
and longer wavelengths) allows us to assume that the energy distribution 
of the energetic particles f(£) does not differ too sharply from an equilib- 
rium one (in the sense of the value of the derivative df/dé which determines 


+ However, under conditions when the effect of the plasma on the nature of an 
electron’s synchrotron emission becomes significant the frequency corresponding, for 
example, to the intensity maximum depends not only on wg but also on w, (i.e. on the 
concentration N). Then a certain displacement of the emitted frequencies becomes 
possible as the source moves into the upper layers of the corona (formula (30.18)). 

¢ Under similar conditions synchrotron emission had been discussed by Gordon 
(1954) as applied to outbursts accompanying chromospheric flares even before type IV 
radio emission had been recognized as a separate component. 
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the intensity of emission from an optically thick system; see section 27). 
Then the observed values of T._ allow us to establish the lower energy 
boundary of the electrons creating emission with this effective temperature 
E ~ xT, 2 “Tq. For the sake of definition let the effective temperature 
T.g of the radio emission of type IV be 4X 101° °K (we have in mind very 
intense events, although in exceptional cases the scale of the phenomena 
is even greater: T,, reaches 101 °K; section 15). When Tig ~ 4X 10% °K 
the energy is ~ 410° eV. Particles with energies of this kind (not elec- 
trons, but protons) are recorded in the vicinity of the Earth after flares 
accompanied by type IV radio emission (see section 17). The usual absence 
of energetic electrons can be explained by the more effective retention of 
these particles in the solar magnetic fields and the greater energy losses to 
synchrotron radiation (when compared with the protons). 

Furthermore, the strength of the magnetic field in a source can be esti- 
mated if we remember that relativistic electrons in a magnetic field emit 
a broad spectrum of frequencies Am ~ w,,,, With a maximum at the fre- 
quency Omar ~ 4w,(E/mc*)? (see (26.48)). Putting Omar ~ 27108 sec”? 
(A ~ 3 m) and & ~ 4X10 eV, we obtain that Ho ~ 1 oe. Higher values 
of £ will require lower values of the field Ho in the source. The value of Ho, 
however, can definitely not fall below one oersted or fractions of an oersted, 
i.e. below the values of the field in the unperturbed corona. In estimates in 
future we shall therefore take Hy ~ 1 oe. 

Let us now estimate the concentration N, of relativistic electrons required 
to create T.y ~ 4X10 °K in a region of an angular size of about 10’ 
(a value typical for type IV events). At the maximum of the spectrum, 
where the formula (30.2) is valid, the energy emitted by one electron is 
2x 10-22 erg sec"! c/s71. Unless we allow for reabsorption (which is 
permissible in a rough approximation for a system with an optical thick- 
ness t, < 1) then the energy emitted by a system of fy, dV electrons is 
2x 10772 f N, dV. On the other hand it is easy to find by using the formulae 
(4.15) and (4.17) that a 10’ source of radio emission with T., ~ 4X10 °K 
creates a flux of 4X 1072® W m~? c/s71 on Earth. Considering the flux to 
be the same in all directions we find that the total energy is 10! erg sec™+ 
c/s —1. To find the total number of electrons that will ensure the appearance 
of events of this scale we must obviously compare this value with the one 
obtained above of 2 10722 fN: dV. We then find that f N, dV should be 
not less than 5X10% electrons; for the size of source assumed this corre- 
sponds to a concentration of N, ~ 5X10? electrons/cm?. 

In the estimates above we ignored the effect of the medium on the nature 
of the synchrotron radiation. The part played by the coronal plasma in 
the generation of type IV radio emission has been discussed by Zhelez- 
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nyakov and Trakhtengerts (1965). This part is insignificant if the condi- 
‘tion (26.51) is satisfied in the generation region since in this case the inten- 
‘sity maximum and the total emission energy will be defined as before by 
the formulae valid in a vacuum. For the values of E and Ho taken above 
in a type IV radio emission source the condition (26.51) will be ob- 
served if the plasma concentration is M < 210° elec trons/cm3. The 
inequality obtained is quite rigorous: in an unperturbed Baumbach—Allen 
corona it obtains only at considerable altitudes starting at h ~ Ro above 
the Sun’s surface. Since the region where type IV radio emission is gener- 
ated is generally at a distance of the order of several radii from the Sun 
the inequality N > 2X 10° electrons/cm3 is perfectly possible. However, 
cases of higher concentrations in the source undoubtedly also occur, 
particularly at low altitudes. 

When the emitting region moves into the upper layers of the corona not 
only does the concentration N change, but so do the magnetic field strength 
Ho, the energy of the relativistic particles & and the size of the source L. 
The question of the law governing the change of these quantities as the 
‘source moves (a plasma bundle with a “frozen in” magnetic field) in the 
corona remains essentially open although the answer to it affects the law 
governing the change of the parameter ô = 4/3(w, /wy)mc?/&, whose value 
determines whether or not it is necessary to allow for the effect of the me- 
dium on the generation of the radio emission.t If we assume that during 
motion of the source in the corona the energy is & ~ const, and due to 
the “freezing in” N oc 1/L3, Ho ~ 1/L?, the parameter 6 oc L12, 

The size of a type 1V radio emission source as it moves in the corona rise 
quite weakly from 2’ to 10-12’, i.e. by a factor of about 6 (see section 15). 
The value of ô then increases altogether by a factor of only 2-5. The insig- 
nificant change in this characteristic parameter allows us to state that in all 
probability the medium has no effect on the generation of the radio emis- 
sion throughout a type IV event unless this effect is felt in the upper layers 
of the corona. It is this case that we have discussed above. 

At the same time another class of type IV radio emission sources is 
obviously possible for which 6= 4/3(w,/w,)mc?/E> 1 and the effect of 
the medium becomes decisive. It is clear from the relations (26.52)(26.52a) 
that the effect of the coronal plasma leads to a shift of the maximum 
of the synchrotron emission towards the high frequencies and to a sharp 
decrease in the spectral power of the emission at the maximum, and also of 
the total power of the emission. All other things being equal the ô= 1 


+t See in this connection the formulae (26.51)-(26.53), according to which allowing 


for the medium has little significance when ô < 1 and becomes absolutely necessary 
if Od >> 1. 
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variant obtains in sources with weaker magnetic fields. For example, wher 
&~ 4108 eV the parameter ô will be greater than unity if in the 
process of rising into the upper layers of the corona the field in the source 
decreases to a value of Ho ~ 1 oe earlier than the concentration N of the 
plasma bundle falls to 210° electrons/cm*. If, let us say, Ho ~ 1 oe 
when N ~ 108 electrons/cm? then ô ~ 7. The frequency w,,,, Correspond- 
ing to the maximum of the frequency spectrum will then be an order 
greater, i.e. about 2xX 10° sec! (A ~ 30 cm), the spectral power at the 
maximum decreases by a factor of ~ 310? and the total power by a fac- 
tor of ~ 210? (with the same number N,L* of relativistic electrons in 
the source as before). 

The sharp drop in the emission efficiency in the case of 6 => 1 means 
that for the majority of type IV events recorded on Earth the conditions 
in the sources ensure that the relation 6 < 1 is satisfied. In other words, 
in observed type IV sources 

wr mec? 

V3 on R (30.17) 
there being generally no need to take the medium into consideration in the 
case of ô < 1, just as in the case of ô ~ 1 in the rough estimates. By com- 
bining the criterion (30.17) with the condition for maximum emission 
(26.48) we obtain that in the region where type IV radio emission is gener- 
ated the following relations are satisfied: 


2 mc? 
wL S —= Omar — ; 30.18 
E /3 ma 2 ( } 
wt sS 5 comer wH. (30.19) 


In the case of ô > 1, when the relations (30.17)30.19) are not satisfied, 
the emission drops sharply (approximately as e~°) and the type IV source 
becomes very weak. 

Above we have discussed the question of the origin of the three compo- 
nents making up the continuum group: microwave bursts, enhanced 
emission and type IV radio emission. The following can be said about the 
nature of the other, less studied events of this group: the decimetric 
continuum and the storm continuum. According to Zheleznyakov (1967) 
the noncoherent synchrotron mechanism discussed above cannot be used 
to explain the occurence of the outstanding type IV events with T,, ~ 
102 °K. Such bursts may be due to the coherent synchrotron mechanism 
of radio emission associated with a synchrotron instability effect in a sys- 
tem of relativistic electrons plus a “cold” plasma (Zheleznyakov, 1966). 

The decimetric continuum, whose characteristics are close to the prop- 
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erties of microwave bursts (section 16), probably has a similar origin to 
them. A major part in the creation of intense decimetric radio emission 
is apparently played by the magneto-bremsstrahlung mechanism of ener- 
getic electrons which are injected from the flare regioninto the “trap” formed 
by the magnetic field of a bipolar group of spots. Cases of displacement 
of the emission maximum into the decimetric band are caused by the higher 
position of the generation source of the continuum in the corona, in a 
region with a weaker magnetic field than in the sources of microwave 
bursts. Still higher in the corona are localized the regions where the en- 
hanced radio emission is generated (with a maximum at metric wavelengths) 
and the sources of the storm continuum—events which to a certain extent 
are similar to the enhanced emission at a period when it is not accompanied 
by type I bursts (section 16). 

The ideas given in the present section on the generation conditions of 
continuum-type sporadic radio emission rest on the concept of the exist- 
ence of charged particles on the Sun (chiefly electrons) with energies rang- 
ing from one to hundreds of MeV. It must be pointed out that the data 
available at present on solar corpuscles coming into the vicinity of the 
Earth undoubtedly indicate that in the region of chromospheric flares (and 
possibly also in the plasma bundles with a magnetic field ejected from it) 
a process is active in accelerating particles to comparable energies. How- 
ever, mostly protons are found although it is highly probable that effective 
acceleration of electrons also occurs. A serious argument in favour of this is 
the finding of fast electrons with & ~ 10-35 keV (Hoffman, Davis and 
Williamson, 1962) at the sudden onset of a magnetic storm (i.e. at the time 
a plasma bundle with a “frozen in” magnetic field ejected from a flare 
region arrives in the vicinity of the Earth). At the same time the proton 
energies proved to be far higher (~ 0-1-5 MeV). This should not disturb us, 
however, since it may be caused by the large energy losses of the electrons 
to magneto-bremsstrahlung in the corona. 

In connection with what has been said particular importance in the 
theory of the sporadic radio emission is attached to the problem of the 
acceleration of charged particles in centres of activity and above all in the 
region of chromospheric flares and in the corona above spots. The appear- 
ance of enhanced radio emission in the development period of bipolar 
groups of sunspots indicates the action of an acceleration process in the 
last case. The way particles are accelerated in the region of flares is still 
not clear; certain possibilities in this direction connected with the action 
of the Fermi statistical acceleration mechanismt have been discussed by 

+ This mechanism is generally discussed in the theory of cosmic radio emission and 
the origin of cosmic rays (see, e.g., Ginzburg and Syrovatskii, 1964). 
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Ginzburg (1953). It is possible that a certain part is played in the accelera- 
tion of particles in flares and above spots by an induction mechanism 
when the particles acquire energy by the action of an electric eddy field 
appearing when the magnetic fields increase (see Zheleznyakov, 1958a; 
Riddiford and Butler, 1952). The energy rises here because the adiabatic 
invariant pê / Hois constant (p, is the component of the particle momentum 
transverse to the field H). The possibility of acceleration by magneto- 
hydrodynamic waves has also been discussed in published papers (Taka- 
kura, 1961b and 1962). Asa whole, however, the problem of the acceleration 
of charged particles in the Sun’s atmosphere and the questions connected 
with it of the retention of particles in local regions of the corona and escape 
from them, questions of the efficiency of acceleration of different kinds of 
particles (protons, electrons, heavy nuclei) in essence remain open. Here 
further investigation is definitely necessary, and results are of interest 
not only for radio astronomy but also for geophysics, physics of cosmic 
rays of solar origin, the theory of chromospheric flares, etc. 


31. Generation of Types I, Il and IH Bursts 


In this section we shall discuss the problem of the origin of types I, 1 
and III bursts, i.e. of the components of the solar sporadic radio emission 
which differ from the emission of the continuum group in the complexity 
of their dynamic spectra, the clear-cut non-stationary nature and the nar- 
row band of frequencies occupied. These features of the bursts indicate the 
coherent nature of the generation mechanisms, since it is coherent emission 
closely connected with wave amplification that occurs only in limited fre- 
quency ranges and with special forms of plasma particle velocity distri- 
butions which exist only for a limited time (section 27). We shall be able 
to confirm that the problem of the origin of types I, II and III bursts can 
really be solved on the basis of mechanisms of generation in a coherent 
form, whilst the non-coherent mechanisms which play a clear part in the 
interpretation of radio emission of the continuum group (section 30) are 
ineffective in this case. 

The action of solar burst mechanisms studied in the present section (no 
matter what their actual form) is based on two phenomena: the generation 
in a non-equilibrium plasma of intense plasma waves and the partial 
conversion of the energy of these waves into electromagnetic radiation that 
escapes beyond the corona. The close connection of the radio bursts 
picked up on Earth with plasma waves in the corona and the nearness in 
certain cases of the radio emission frequency to the eigen frequency of 
the coronal plasma œ, are the basic contents of the “plasma hypothesis” 
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put forward by Shklovskii (1946) and Martyn (1947) in the very first years 
of the development of radio astronomy. Since then ideas about the methods 
and conditions of generation of bursts have, of course, changed consider- 
ably; however the idea of the connection of the sporadic radio emission 
with plasma waves in the solar corona has fully retained its importance as 
applied to types I, II and IH bursts. 

It is convenient to start a discussion of the nature and conditions of 
generation of narrow-band bursts with type III events, turning then to 
types II and I phenomena. When discussing the nature of “classical” 
rapidly drifting type III bursts and their different forms (U-bursts and 
type IH fine structure in type II bursts) we shall also touch on the question 
of the generation features connected with the type III phenomena of re- 
verse-drift pairs. 


THEORY OF TYPE III BURSTS 


The preliminary analysis of the experimental data on type III bursts 
carried out in section 14 has shown that these bursts owe their appearance 
to a certain agent coming from a flare region and moving in the corona at 
a velocity of (0-2-0-8)c (c is the velocity of light). The streams of charged 
particles leaving the region of a flare at the time of its “explosive” phase 
(sudden expansion; see sections 2 and 14) are most probably this agent. 
Westfold’s assumption (1957) about the connection between rapidly drift- 
ing bursts and magnetohydrodynamic shock waves being propagated in 
the corona from the flare is doubtful (Boishot, Lee and Warwick, 1960; 
Hughes and Harkness, 1963). In actual fact in accordance with (27.121) 
the wave front reaches a velocity of u z 0-2c only if MHo 2 2:8 10? 
(M is the “magnetic Mach number”, Ho is the strength of the magnetic 
field). This condition, obtained for a particle concentration in the corona 
of N ~ 108 cm™?, occurs (with moderate values of M) in fields 
Ho ~ 2:8X 10? oe. At frequencies of w ~ 27X108 sec™1 (A ~ 3 m) these 
values of Ho correspond to a ratio of @,/@ z 8. However, as follows from 
the theory of the propagation of radio waves in the solar corona (see 
section 23), the emission generated in layers with high values of the para- 
meter w,,/@ escape beyond the corona only in the form of an ordinary 
wave. In other words, the radio emission will be strongly polarized in 
contradiction of the experimental data which point to comparatively weak 
polarization of type III bursts. In addition, the existence of such strong 
fields in the corona at a great altitude above the solar surface is also 
improbable. Neither is it clear how to explain from Westfold’s point of 
view the inversion of frequency drift of U-bursts. 
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Therefore we shall consider in future that type III radio emission is 
generated in streams of fast particles which penetrate the coronal plasma 
at a velocity which is a noticeable fraction of the velocity of light. The 
actual radio emission mechanism, which has been discussed in detail in 
the papers of Ginzburg and Zheleznyakov (1958b, 1958a, 1959b), is as 
follows. As was found in section 27, a stream—plasma system under certain 
conditions amplifies plasma waves incident on it or emitted by individual 
particles of the stream. When the stream is extensive enough the amplitude 
of these waves reaches a certain maximum (settled) value which no longer 
depends on the original intensity level of the waves being amplified. 
Furthermore, as a result of some transformation process (see section 
25) part of the plasma wave energy changes into electromagnetic 
radiation, which is also observed on Earth in the form of type III bursts. 
We shall see that this generation scheme explains the features of type IT] 
bursts well; it is also fully applicable to the different forms of rapidly 
drifting bursts (U-bursts and type III fine structure in type II events). 

We notice that in the framework of this kind of scheme the duration of 
a burst at a fixed frequency œ will obviously be made up of the time fı 
taken by the corpuscular stream to pass through the corona layer in which 
the radio emission of this frequency is generated and the time fz of the 
subsequent damping of the plasma waves. The ratio between these times 
depends on the stream parameters (tı ~ L/V,, where L is the extent, V, 
the velocity of the stream), on the one hand, and the parameters of the 
coronal plasma on the other (t2 ~ 1/»,,, where »,, 1s the effective number 
of collisions; see (26.76)). At frequencies of the order of 100 Mc/s the 
“life” ¢ of a type III burst is determined basically by the stream, since here 
tı ~ 5-10 sec is significantly greater than te ~ 1/._ ~ 0-2 sec. It is quite 
possible (Boishot, Lee and Warwick, 1960; Malville, 1962; Hughes and 
Harkness, 1963), however, that at low frequencies generated in more rare- 
fied layers of the corona the duration of the bursts will depend chiefly on 
Veg» Since the number of collisions decreases rapidly with the electron 
density. It must be stressed that the ideas developed below on the origin 
of type III radio emission remain valid for any relations between t, and tə. 

In the detailed discussion of the above generation mechanism of rapidly 
drifting bursts we shall not begin to allow for relativistic effects, limiting 
the discussion to streams whose velocity lies at the lower end of the 
(0-2-0-8)c range characteristic of type III disturbances. Considering the 
parameter @,,/@ to be sufficiently small} we shall also neglect the effect 
of the magnetic field Ho on the radio emission generation process, re- 


t In the Sun’s overall magnetic field H, ~ 1 oe at frequencies œ ~ 2108 sec™} 
the parameter wg/w ~ 3x107? « 1. 
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membering, however, that it is the presence of a weak field Hoin the source 
that leads to the appearance of the comparatively weak polarization of 
type III bursts. 

If the bursts of radio emission are caused by the generation (amplifica- 
tion) of plasma waves in a stream-plasma system with subsequent trans- 
formation of the latter into electromagnetic radiation, then the effective 
temperature of such events can be estimated from the following con- 
siderations. 

Denoting the energy of the electromagnetic waves “emitted” by the 
plasma waves in a frequency range dw by S,, dw we can find from simple 
considerations that the intensity of the radio emission escaping beyond 
the corona is 

So e772 

AQL ` 


The factor e~™-* here allows for the absorption of radio emission in the 
corona; AQ is the solid angle in which the emission leaving the corona is 
propagated; L is the linear size of the source of the burst. Comparing (31.1) 
with the intensity of the equilibrium emission in a vacuum J =w?xT/4s3c? 
(for both polarizations see (4.3)) we obtain that the effective radio emission 
temperature related to the source area L? is 


4732 Sow e771,2 4n3c2 Sena 
ox AQL wx AwAQL* ` 


The spectral density S „can be conveniently represented in the form S/4a, 
where S is the total radio emission flux over the band and Aw is the charac- 
teristic range of frequencies occupied by a burst; this has been done in 
changing to the last equation (31.2). 

The value of S is connected with the amplitude of the plasma waves in 
the stream Eo by a relation defining the efficiency of the process of trans- 
formation of plasma waves into electromagnetic ones. When there is no 
such transformation, as has been shown in detail in section 25, generation 
of electromagnetic waves by plasma oscillations is quite impossible. 

The reservation must be made that in section 25 the problem of wave 
transformation and the escape of electromagnetic radiation beyond the 
corona was discussed only as applied to an equilibrium plasma. We 
obtained expressions for the coefficients of transformation of plasma waves 
into electromagnetic ones in the conditions of a regularly non-uniform and 
a statistically non-uniform plasma. (In the latter case the chaotic non- 
uniformities are thermal fluctuations of the electron concentration; trans- 
formation here occurs in the process of scattering of the plasma waves on 
these fluctuations.) The more complex case of a non-equilibrium medium, 
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including the plasma-stream system, has hardly been studied, although 
from the point of view of applications in radio astronomy it undoubtedly 
deserves careful investigation. At the same time, as was remarked in sec- 
tion 25, the scattering of plasma waves into electromagnetic ones remains 
at the previous level even in the presence of a stream of charged particles. 
if the velocity of the flux V, satisfies the condition V, « V, « ¢/4/3 and. 
the phase velocity of the plasma waves V,,, is close to V,. It is this situation 
that obtains when investigating the generation of type III bursts, in any 
case for V, ~ 02c ~ 6X10° cm/sec (Va in the corona, as we know, is. 
4> 108 cm/sec); here with sufficient accuracy for our purposes we can use 
the Rayleigh and combination scattering formulae (25.42), (25.67){25.72). 
obtained for an equilibrium plasma. The legitimacy of using the expres- 
sions for the transformation coefficient in a smoothly non-uniform equi-. 
librium plasma becomes more problematical when there is a stream of 
particles. Below we shall base our work on the effect of wave transforma- 
tion because of scattering but, since a change of plasma waves into electro- 
magnetic ones by Rayleigh scattering with the frequency conserved deter-. 
mines only the lower limit to the efficiency of the transformation process, 
this efficiency may increase slightly because of transformation in a regu-. 
larly non-uniform plasma. 

Let us take it, therefore, that the electromagnetic flux S is connected: 
with the amplitude of the plasma waves Eo by the Rayleigh equation 
(25.42). Then after substituting the latter in (31.2) we obtain: 

2 F2 -7,2 
Ta ~ m 0) § 8 Se AAT 


We showed in section 27 that in a stream-plasma system the plasma waves: 
whose phase velocity Vpn = @/k is close to the velocity of the stream V, are 
amplified. With a low enough particle concentration N, in the corpuscular 
stream its effect on the connection of V, with frequency œw can be neglected 
by considering in the first approximation that V pa = Vg/+/e = Vin/ny, (@)- 
(see (22.19a) and below). From the condition Vp, ~ V, >> Vn follows the 
closeness of the frequency œ to the eigen frequency w, of the coronal 
plasma. As a result for the radio emission’s 7, we shall have: 
ee a Vin EEL e: 
a 6 Ve um AwAQ 
In the change to the last expression allowance has been made for the fact. 
that in our case Va ~ 4X 10% cm/sec, V, ~ 6X 10° cm/sec, L ~ 2X10 cm,, 
Aw ~ w/3 ~ 2108 sec™!. The optical thickness 1, ,(«) characteriz- 
ing the absorption of radio emission in the corona is taken to be 4 (although 
it is possible that it is slightly less; see Fig. 138). The solid angle 4Q in 
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which the radio emission is propagated on leaving the corona is (for small 
AQ) nni a (œ); this can easily checked from (22.30). For the generation 
mechanism being investigated AQ ~ xVi,/V2, ~ 1-4X 1072, i.e. the first 
harmonic of type III bursts leaves in a very narrow beam provided that 
the corpuscular stream is less dense than the coronal plasma and there are 
no significant irregularities in the distribution of the electron concentra- 
tion in the corona. Violation of any of these conditions will lead to a rise 
of AQ. 

It was noted in section 14 that only in comparatively rare cases does the 
radio emission flux on Earth during type III events exceed 210720 
W m-?c/s—1. For a source with an area of L? ~ 4X102 cm? this corre- 
sponds to an effective temperature of Tẹ ~ 101° °K (at A ~ 3 m). Accord- 
ing to the formula (31.4) this kind of radio emission level may be reached 
if the stream of charged particles in the coronal plasma will excite plasma 
waves with an electrical field amplitude of Eo ~ 3-5X1073 c.g.s.u. 
~ 1 V/cm. For weak bursts the requirements for the value of the field Eo 
become milder. 

The most important point in the theory of type III bursts is the estimate 
-of the parameters of the corpuscular stream capable of bringing the level 
-of the amplified plasma waves up to the value indicated. This problem, 
‘which is connected with allowing for the non-linear nature of the plasma 
waves, is very difficult; there is no complete clarity in the question of the 
nature and level of settled plasma waves, of the duration of the settling 
process, etc. Therefore we shall give here only a preliminary estimate of 
the concentration N, in the stream on the basis of the formula (27.72), re- 
membering that a more rigorous treatment of the range of problems under 
-discussion may introduce corrections into the results obtained. 

Therefore let the density of a quasi-neutral corpuscular stream be 
N, « N (N is the concentration in the coronal plasma) but nevertheless so 
great that the electrons of the stream basically collide with the stream 
particles and not those of the basic plasma. Furthermore, let us assume that 
the velocity dispersion in the stream is characterized by a temperature T, 

‘which in order of magnitude is close to the coronal temperature T (an 
assumption which is quite natural in the generation of type III bursts). 
‘Then the ratio of the number of collisions for the electrons of the stream 
and the electrons of the corona »,/v,.4 ~ N,/N. In this case, in accordance 
-with (27.72), the amplitude of a settled plasma wave (to be more precise, 
‘its first harmonic) is 


I Ns 
Eo 2eV, 





(31.5) 
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for œw ~ w; ~ 22X108 sec, V, ~ 6X10® cm/sec and T ~ 10°°K. Put- 
ting E} ~ 3:5X 107? c.g.s.u., we find from this the necessary electron con- 
centration in the corpuscular stream: N, ~ 5X1073N ~ 5X10ë elec- 
trons/cm?.t 

Therefore a stream of density N, ~ 5105 electrons/cm? moving at a 
velocity of V, ~ 610° cm/sec can create radio emission at a frequency 
w ~ w, whose level corresponds to that observed during type III events. 
The nearness of the frequency emitted in this case to the value of the 
coronal plasma frequency and the fact that the agent exciting type III 
bursts moves into outer layers of the corona allow us to explain the rapid 
frequency drift of the bursts; we have already discussed this in detail in 
section 14. 

In type III bursts as well as radio emission at the fundamental frequency 
w emission is also observed at the double frequency 2m (the second har- 
monic). In one of the first papers of Wild, Murray and Rowe (1954) 
devoted to type III bursts an entirely natural suggestion was put forward, 
according to which the second harmonic of the radio emission owes its 
appearance to the clear-cut non-linear nature of the plasma waves with a 
noticeable content of the second harmonic component. If we introduce 
the formula (27.74) for estimating the amplitude EF of the field of the 
second harmonic in a plasma wave, it turns out that the ratio 


EG EN: ys ay 
E! 32mk N  ™"\xT, 


(where k = œ/V n») for the parameters given above is 0-1. Then 
ET ~ 3x10-4c.g.s.u. The change of the second harmonic 2% of the plasma 
wave into electromagnetic radiation, similar to the transformation of the 
“fundamental” harmonic, may occur by Rayleigh scattering. The efficiency 
of the transformation in this case is defined by the formula (25.70); from 
it and the relation (25.42) if follows that 

S'o) V3 Eñ v3 Von Eh (31.7) 


S'o) 2m1,20) Ef 2 Va EP 


(31.6) 


t In this connection we note that the stream’s energy losses in generation of plasma 
waves and the electromagnetic radiation are relatively small. For example, the kinetic 
energy density in a proton-electron stream N,m,-V2/2 ~ 15 ergs/cm® is far more than 
the energy density in a plasma wave (E/)?/82 ~ 51077 ergs/cm and also the losses in 
maintaining a settled plasma wave for about £ ~ 20 sec (the life of a burst): (E%)?»,:t/82~ 
10-4 ergs/cm®. (In the expression for the loss density allowance is made for the fact 
that in the absence of a stream a plasma wave with Vpn >> Vin is damped in a time 
1/4 ~ 107! sec; see section 26.) It is not hard either to check that the energy emitted 
during scattering in the form of electromagnetic waves is far less than the values given 
above. 
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In our case this ratio is approximately equal to 0-1; the value of 
S'(2w)/S'(@) will, of course, vary depending on the stream’s parameters, 
rising with the increase in the particle concentration N, and the rise 
in the amplitude of the first harmonic E,.t A very important conclusion 
follows from this: if the second harmonic in the radio emission is genetic- 
ally connected with the second harmonic in plasma waves, the relative 
content of the second harmonic in intense type III events should rise on 
the average. In reality, however, no one, as far as we know, has observed 
this kind of effect. This circumstance is an argument against the above 
interpretation of the second harmonic, although the absence of any clear- 
cut connection between the content of the harmonics and the intensity of 
type III bursts apparently needs further checking. 

In recent years currency has been given to another point of view put 
forward in the paper by Ginzburg and Zheleznyakov (1958b) on the origin 
of the second harmonic of the radio emission, according to which this 
harmonic is the result of combination scattering of plasma waves excited 
by the stream on plasma waves of thermal (fluctuation) origin. As was 
shown in section 25, the frequency of the radio emission is then close to 
2w ~ 2w, (where w is the frequency of the plasma waves; in our case it 
is the same as the frequency of the burst’s “fundamental harmonic”). If the 
“fundamental harmonic” in this case as before owes its appearance to the 
Rayleigh scattering of plasma waves, then the ratio of the scattered fluxes 
of electromagnetic radiation S’’(2w)/S'(m) ~ 107? (see the formula (25.70) 
and below). The corresponding ratio of the effective radio emission tem- 
peratures is (allowing for (31.2)) 

fate) 2 (S55) San)" 31.8) 

Tex (@) 4\ AoA },,\ 40A : f 
Considering S’’(2w)/S’(w) ~ 1072, (da),,, (dw), = 2 and putting t, . ~4 
at the basic frequency with 42 ~ 1-4x10~%, and Ti = 0-3, JQ ~ 5:5 
at the second harmonic we obtain: T7.,,_(2)/T.g(@) ~ 1-3X10~4. 
The corresponding ratio of the intensities will be four times greater (since 
I ~ Tg 0), so I(2w)/I(w) ~ 5X 1074. 

The value obtained obviously characterizes the minimum ratio I(2w) /I() 
recorded provided that at the time of the generation of the burst the Earth 
is inside the polar diagram of the “fundamental harmonic”. The relative 
content of the second harmonic will rise if the observer is on the edge of the 
polar diagram of the “fundamental harmonic”; only the second harmonic 

t The ratio S’(2@)/S’(@) still does not characterize the observed content of the second 
harmonic component in the bursts. It can be judged only after allowing for the difference 


in absorption of radio waves in the corona and the differing directivity of the emission. 
It is easy to make this kind of allowance on the basis of the formula (31.8). 
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will be fixed outside this diagram. As a whole it follows from the picture 
given of the generation of type III bursts, in accordance with the observa- 
tions, that the level of the second harmonic can be either more or less than 
the intensity of the “fundamental harmonic”. Since the angular width of 
the polar diagram at the fundamental frequency is very small, it is clear 
that in the majority of cases only the second harmonic (without the first) 
is recorded; both harmonic components appear only in (42), /(4Q).,, ~ 
0-25% of the type III events provided that all the orientations of the 
radio emission diagram are of equal probability. The observations, how- 
ever, indicate the more frequent appearance of two harmonic bands in 
several of the bursts (see section 14). This kind of discrepancy is not sur- 
prising, since above in estimates of the degree of directivity of the “fun- 
damental harmonic” radio emission (the solid angle 42) we made no 
allowance for the effect of such factors as coronal inhomogeneities, etc. 
If we take the more realistic ratio (4Q),,/(4Q),,, ~ 10%, then the mini- 
mum ratio [(2w)/I(w) will become approximately 1/50. Wild, Smerd 
and Weiss (1963 and 1964) consider that in the solar corona the quantity 
(AQ),,/(4Q),,, is still greater (~ 50%). In this case J(2w)/I(w) rises to 1/10. 

The ideas developed by Ginzburg and Zheleznyakov (1958b) on the 
connection between the second harmonic of rapidly drifting bursts and 
combination scattering of plasma waves in the corona explain the ab- 
sence of higher harmonic components in type III radio emission (in 
particular the third harmonic). The combination origin of the second har- 
monic allows us to observe it at lower frequencies as well (tens of mega- 
cycles), where during most of the life of a burst the radio emission, in all 
probability, is due to damped plasma oscillations in the layers of the 
corona which have already been left by the corpuscular stream (see 
p. 591). On the other hand, the second harmonic here cannot be 
connected with the non-linear nature of the plasma oscillations, since in 
the absence of a stream of particles the harmonic content becomes notice- 
able only in fields Eo 2 (mmV,,,)/2e ~ 3-6 c.g.s.u. (27.73) (when there is a 
stream—in fields of Eo 2 5X 1075 c.g.s.u.). The generation of such strong 
plasma waves in the corona would lead to the appearance of radio emis- 
sion whose intensity exceeded the usually observed values by about six 
orders. 

It is not impossible, however, that in certain cases the non-linear nature 
of the plasma waves amplified by the stream—plasma system nevertheless 
plays a significant part. As an example we can take the appearance of the 
third harmonic in certain strong U-bursts (section 14). In other cases the 
question of the formation mechanism of the second harmonic can be 
answered by investigating the mutual coherency of the radio emission of 
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the first and second harmonics. This kind of coherency should be absent if 
the second harmonic of the radio emission is formed by combination 
scattering, since the phase of the second harmonic will be determined not 
only by the phase of the plasma wave amplified in the stream, but also by 
the random phase of the fluctuation plasma waves on which the combina- 
tion scattering occurs. On the other hand, coherency will occur if the first 
and second harmonics of the radio emission are transformed (by Rayleigh 
scattering, let us say) into first and second harmonics of non-linear plasma 
waves. Unfortunately the corresponding experiments have not yet been 
made unless we consider Jennison’s measurements (1959) which we dis- 
cussed in section 13. Under the influence of the results of Jennison (1959), 
which indicated the presence of coherency, doubt was expressed by Kapitsa 
(1960) on the combination origin of the second harmonic of type III bursts. 
However, there is apparently no particular foundation for this doubt at 
present since the radio emission investigated by Jennison (1959) related to 
type II rather than to type III; in addition, according to Jennison’s words, 
he is uncertain as to the results of his experiment. 

It must be said that the hypothesis of the combination mechanism of 
the second harmonic’s formation has proved to be very fruitful when ex- 
plaining certain fine effects connected with type III bursts. Smerd, Wild 
and Sheridan (1962) (see also Wild, Smerd and Weiss, 1963 and 1964) 
used it to interpret the observed displacement of the source of the second 
harmonic relative to the “fundamental harmonic” in the plane of the solar 
disk. The idea of the second harmonic of the radio emission as the result 
of combination scattering of plasma waves made it possible to understand 
the reasons for the appearance of reverse-drift pairs (see Zheleznyakov, 
1965b). 

Let us examine the first effect to begin with. In section 14 we noted that 
in certain cases the position of the source of the second harmonic that can 
be “seen” in radio rays is displaced relative to source of the first harmonic 
towards the centre of the disk. Since the influence of refraction in the 
corona, which is particularly significant for the “fundamental harmonic”, 
should lead to the opposite arrangement of the two sources, Smerd, 
Wild and Sheridan (1962) explained this displacement by the fact that 
it is not the region of generation of the radio emission that is observed 
at the second harmonic but its image in radio rays reflected from the 
deeper layers of the corona. For this it is obviously necessary that the radio 
emission at the second harmonic on leaving the generation region should 
be propagated towards the solar surface for preference. With the ordinary 
motion of a stream of particles away from the Sun this requirement means 
that plasma waves (with a wave vector & running along the velocity V,) 
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excited by the stream should in the process of being scattered on thermal 
fluctuations of a plasma type produce electromagnetic radiation whose 
intensity “backwards” (i.e. in directions subtending an obtuse angle with 
k) is greater than that “forwards” (in directions subtending an acute angle 
with k). 

It is easy to confirm that it is this kind of situation which can obtain 
in reality. It follows from the theory of combination scattering of plasma 
waves developed in section 25 (see the formula (25.65)) that the distribu- 
tion of intensity of the combination emission with respect to the angles 6 
read from the direction & is characterized by the relation 


(2 cos 0— 1/3 V,/c)? sin? 6 
1-24/3(V,/c) cos 0+ 3V2/c2 
In the change from (25.65) to (31.9) we have allowed for the fact that the 
wave number of a plasma wave is k = w/V,, ~ w,/V, and the wave 


number of an electromagnetic wave is k ~ 4/3w,/c. The zeros in the polar 
diagram of the combination scattering 1(@) correspond to the angles 


6=0 (when V,4c/\/3); O=2; 

VJ3} p (31.10) 
8 = +arc cos (2 vse) 3 

2). 

lt is clear from this that the scattering diagram /(6) has four lobes when 
V, # c/+/3 and three lobes if V,=c/+/3. It is significant that when V, > 
c/4/3 the lobes pointing “backwards” (cos 6 < 0) are far larger than the 
lobes pointing “forwards” (cos 6 > 0). In this case the second harmonic of 
type III bursts will be observed mostly in reflected beams and the “visible” 
position of the source of the second harmonic will be displaced relative to 
the first towards the centre of the solar disk. The same situation obtains 
when V, <c/4/3 if the Earth hits a null of the polar diagram. A different 
situation is possible, however, when the “backwards” emission is weaker 
than the “forwards”; the observed position of the second harmonic’s 
source will coincide here with the position of the source of the “funda- 
mental frequency” (here because of refraction the source of the “funda- 
mental frequency” may be even closer to the centre of the disk than the 
second harmonic). This is often the situation with agent velocities of 
V, = c/4/3 when all the lobes of the diagram are of the same size. 

If the interpretation suggested by Smerd, Wild and Sheridan (1962) for 
the effect of displacement of the second harmonic is correct, then it is 
quite possible that sometimes a second harmonic will be recorded simul- 
taneously from two sources corresponding to direct and reflected rays. 
Furthermore, in favourable circumstances a sharp change in the position 
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of the source of the second harmonic relative to the source of the “funda- 
mental harmonic” is possible at the time when the sign of a U-burst’s 
frequency drift changes (after which the stream moving away from the 
solar surface starts to approach it). 

Let us now examine the reasons for the appearance of the reverse-drift 
pairs connected with type III radio emission. In section 16 which gives 
the characteristics of bursts of this kind it was noted that Roberts (1958) 
suggested that the pairs of bursts appear because of the reflection of radio 
emission from the lower layers of the corona. This kind of reflection will 
lead to noticeable “splitting” of the dynamic spectrum of the bursts if the 
frequency of the radio emission is w ~ 2m, (w; is the eigen frequency of 
the coronal plasma in the generation region). Roberts linked the reverse 
direction of the drift (towards the high frequencies) with the usual motion 
of the exciting agent away from the Sun at the time when this agent is 
passing through a local inhomogeneity in the corona, namely through the 
part of the inhomogeneity in which the electron concentration rises as one 
moves away from the Sun. The part of the stream which at this time is 
outside the local inhomogeneity generates type III radio emission that is 
weaker than the reverse-drift burst. 

Two facts established from observations: (1) the absence in the ma- 
jority of reverse-drift bursts of their continuation in the form of straight- 
drift radio emission, which would correspond to the period of the agent’s 
motion after the electron density maximum in the local inhomogeneity, 
and (2) the higher intensity of reverse-drift bursts when compared with 
the accompanying type II radio emission (which also allows us to distin- 
guish them against the background of type IIT events)—allow us to state 
that the generation conditions in one and the same frequency range depend 
essentially on the direction of the frequency drift; the latter is determined 
in its turn by the mutual orientation of the agent’s velocity V, and grad N. 
The level of the radio emission is far higher if the agent is moving towards 
an increase in the concentration N. 

According to Zheleznyakov (1965b) this circumstance, which is 
highly essential for understanding the reasons for the appearance of 
reverse-drift bursts, can be explained by the fact that the plasma waves 
amplified by the stream are not scattered on weak thermal fluctuations in 
the corona but on the same plasma waves after their reflection. This kind 
of reflection becomes possible if the stream and the plasma waves amplified 
by it are propagated in the direction of grad N. The transformation of 
plasma waves into electromagnetic ones is then defined by the formula 
(25.75). It follows from it that the radio emission flux in combination scat- 
tering on reflected waves is S’(2w,) oc E} as opposed to the value S’(2w,) oc 
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Eb, E? (see (25.67)) which characterizes the process of scattering on 
thermal fluctuations of the electric charge. Here Eo and E,, are respectively 
the amplitudes of the amplified and fluctuation plasma waves; since E3 > En 
the effect of scattering on reflected waves leads to a sharp increase in the 
level of radio emission. 

The idea of reverse-drift pairs as the result of combination scattering on 
reflected waves of plasma waves amplified in the stream makes quite 
comprehensible the basic properties of phenomena of this kind, including 
the nature of the drift and the higher intensity when compared with type UI 
radio emission. The considerable difference of the frequency from the eigen 
frequency of the coronal plasma (œ ~= 2w,) makes the appearance of a 
“radio echo” natural, and this leads to the splitting of the dynamic spectra 
of burst pairs. The close connection between bursts of the type under 
discussion and the second harmonic of type III helps us understand why 
Roberts did not once observe reverse-drift bursts at half the frequency 
at the same time as these phenomena. 

Above, we have discussed the mechanism of type III radio emission and 
its different forms which connects the observed emission with the effect 
of plasma wave amplification in a corpuscular stream and coronal plasma 
system. 

According to the terminology used in the introduction to Chapter VIII 
this mechanism can be called coherent Cherenkov. In the above system, 
however, as well as the coherent component of the Cherenkov emission at 
plasma wavelengths there is also a non-coherent component—in the range 
of phase velocities where the plasma wave absorption coefficient remains 
positive even in the presence of a stream of particles. This component (of 
which it can be said that it owes its appearance to a non-coherent Cheren- 
kov mechanism) also makes a certain contribution to the radio emission. 
The question arises of the relative content of the coherent and non- 
coherent components in type III bursts; it has been discussed in detail in 
section 27, where we showed that in the actual conditions of the corona 
the non-coherent component is negligibly small when compared with the 
coherent. 

It is interesting to note that the non-coherent Cherenkov mechanism 
was actually used by Shklovskii (1946) to interpret bursts displaying fre- 
quency drift. The transformation of plasma waves into radio emission, 
according to Shklovskii (1946) was due to the process of scattering of these 
waves on free electrons in the corona. We have spoken about the insuffi- 
cient correctness of this approach to the effect of transformation of plasma 
waves with Vpn > Vin (which gives, however, a correct estimate of the 
order of magnitude of the transformation coefficient) in section 25. 
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The mechanism of non-coherent Cherenkov emission was discussed 
later by Marshall (1956) in order to explain bursts of types II and III. 
She did not, however, allow for the considerable attenuation of the 
emission connected with wave transformation, and she also ignored the 
effect of plasma wave reabsorption on the intensity of the radio emission. 
The explanation of the harmonics in the bursts by Marshall (1956) also 
causes serious objections by Ginzburg and Zheleznyakov (1961). Marshall 
used the circumstance that in a magnetic field for particles with non- 
relativistic longitudinal velocities (8, = V,/c « 1) the Cherenkov condi- 
tion holds only at frequencies where n,(c) >> 1. In a magnetoactive plasma, 
roughly speaking, n,(w) > 1 for œ ~ œ, and œ ~ @y (see section 23); 
therefore the Cherenkov emission will contain frequencies of œ and 2w 
if the ratio between the eigen frequency and the gyro-frequency is close 
to two. It is improbable, however, that in the actual conditions—in a 
broad range of altitudes above the photosphere and for very different 
groups of spots—the ratio w,/w, remains constant and close to two. In 
addition, this kind of interpretation of the harmonics requires strong 
enough magnetic fields inthe generation region (wg ~ ); then the bursts 
would be strongly polarized, which is contradicted by the observational data. 

Types III and II bursts cannot apparently be connected with non- 
coherent magneto-bremsstrahlung (as was done by Kruse, Marshall and 
Platt (1956)). The appropriate arguments can be found in the papers by 
Zheleznyakov (1958a), Ginzburg and Zheleznyakov (1961). The question 
of the origin of type III bursts has also been discussed by De Jager (1959b, 
section 90). In the papers by Weiss and Stewart (1965) and Zheleznyakov 
and Zaitsev (1968) the type V radio emission is shown to be connected 
with the capture of a part of the fast electrons responsible for type III 
emission in a magnetic trap above the bipolar sunspot group where they 
are multiply reflected from magnetic blockings. As a result, a system of 
two counterstreams which excite plasma waves with opposite directions of 
wave vectors in a coronal plasma, is formed in the trap. Such waves are 
scattered, effectively transforming each other into the radio emission at a 
frequency w ~ 2w,. This fact makes it possible to understand the basic 
characteristics of the type V radio emission. 


MECHANISM OF TYPE II BURSTS 

Slowly drifting bursts have much in common with rapidly drifting type 
TIl events, differing from them chiefly in the time scales. Therefore the 
most probable mechanism of type II radio emission, just as type IU bursts, 
is the coherent Cherenkov mechanism which ensures amplification of 
plasma waves with subsequent transformation into electromagnetic radia- 
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tion. However, it must be assumed that the actual generation conditions 
will be different. 

In actual fact, according to sections 13 and 17 type II bursts are excited 
by an agent moving in the corona at a velocity of V, ~ 10° cm/sec (i.e. 
at a velocity far less than the velocity of the streams V, ~ 10!° cm/sec 
that generate type III radio emission and the mean thermal velocity of the 
coronal electrons V ~ 4108 cm/sec). A plasma bunch with a “frozen 
in” magnetic field ejected from the region of a flare is this kind of agent. 
During its motion this bunch should attract the surrounding ionized ma- 
terial; the transition from it to the motionless coronal plasma occurs via the 
front of the shock wave travelling ahead of the bunch. The magnetic field 
retains the relativistic particles which are the source of type IV radio emis- 
sion (section 30); their escape from the magnetic “trap” in the form of 
streams of fast particles is the origin of the type III fine structure in type II 
bursts. 

If we consider that the slowly drifting bands in the dynamic spectra 
identified with type II bursts consist wholly of rapidly drifting structural 
elements, then the problem of the origin of type II events is reduced simply 
to the question of the generation of type III bursts discussed in the previous 
subsection. Here only the problem of the escape of the fast particles from 
the “trap” and the question of whether the system of relativistic particles 
—the source of type IV radio emission—can maintain the fine structure 
in type II events at the observed level deserve particular attention. Actually 
the situation is far more complicated: as well as the rapidly drifting ele- 
ments in type II events there is apparently a separate component which 
requires special discussion. 

In a correct interpretation of type II radio emission an explanation is 
first sought based on the known possibility of plasma wave amplification 
and instability in a quasi-neutral plasma and quasi-neutral stream system 
even if V, S Va Amplification appears here if the resultant electron ve- 
locity distribution function has two maxima; a variety of this kind of 
instability for a mono-kinetic stream has been discussed in section 27 
(see the formulae (27.62)-(27.64) ). This effect, however, is apparently 
insignificant since arguing the representation of a “two-stream” instability 
with V, < Va as the cause of type II bursts meets with serious difficulties. 
Another disadvantage of the generation scheme under discussion for type II 
bursts is connected with the radical change in the nature of the scattering 
of plasma waves excited by the stream since their phase velocity Vpn ~ 
V, < Vn differs essentially from the Vpn ~ V, > Vn typical of type III 
bursts. Here the concept of Rayleigh and combination components of the 
scattered electromagnetic radiation concentrated in narrow frequency 
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ranges near @, and 2@,—an idea which was so effective when interpreting 
type III bursts—becomes untrue. The point is that with Vp, < V,, the 
scattering process occurs in free electrons; it is easy to check that the effect 
of a Doppler shift in frequencies will lead in this case to a clear-cut broad- 
ening of the radio emission spectrum which cannot be matched up with 
the data on the spectral observations of the slowly drifting bursts. 

The latter difficulty disappears if the type II bursts, just like the type III 
phenomena, appear in streams of particles whose velocity is much greater 
than V. Before the appearance of the paper by Pikel’ner and Gintsburg 
(1963), however, it remained unclear how this condition could be observed 
when the agent was moving at a velocity less than V,,. Pikel’ner and Gints- 
burg (1963) refer to the circumstance known from plasma theory that in 
a shock wave front the electrons drift in the presence of a magnetic field 
relative to the ions at a velocity Vo which with large enough “magnetic 
Mach numbers” becomes much greater than Va. This effect may be of 
great importance for the generation process of type II bursts since in the 
case Vo >> Vin Wr > Wy a system of two streams—electrons drifting relative 
to ions—becomes unstable relative to perturbations of the plasma wave 
type. These waves have a frequency œ = œ, in a coordinate system con- 
nected with the drifting electrons (see the last subsection of section 27).t 

For drift at a rate Vo >> V it is necessary for the values of M to satisfy 
the inequality (27.123). It will be satisfied in a corona with N ~ 5X10? 
electrons/cm?, T ~ 10° °K in fields of ~ 1:5 oe if M—1 > 0-18. Actually 
under these conditions for a shock wave with a front velocity of U ~ V, ~ 
10° cm/sec the number is M ~ 2; when the field Ho changes from 0:3 
to 3 oet M changes from 1 to 10. It must be pointed out that the form of 
shock waves in a plasma has at present been studied only for values of M 
in the range from 1 to 2; no theory has yet been produced for M > 2 
(see section 27). Therefore everything that has been said relates, strictly 
speaking, only to the case when a shock wave with M < 2 that is not 
too strong exists ahead of the bundle of matter ejected from the flare region. 

The generation scheme for type II radio emission given above has not 
yet been studied in detail unfortunately; we shall therefore limit ourselves 
here to only a few remarks. Above all the effect of combination scattering 


+ General ideas on shock waves in the coronal magnetic field as the source of type II 
radio emission based on the agreement of the velocities of waves and agents of this kind 
which cause the slowly drifting bursts have been expressed by Westfold (1957) (see also 
Uchida, 1960). 

t Here we have chosen values of the field H, that are close in value to the total field 
strength of the Sun or slightly greater than the latter. With these values of He the in- 
equality wy/w < 1 is satisfied at metric wavelengths; this is necessary to conserve the 
non-polarized (to be more precise, weakly polarized) nature of the type II bursts. 
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of plasma waves having a phase velocity Vpn ~ Vo >> Vy, relative to the 
drifting electrons allows us to explain the appearance of the second har- 
monic and the usual absence of higher harmonic components. The strong 
side of the possible theory of type II radio emission under discussion is 
also the possibility of using it to interpret the characteristic “splitting” of 
each harmonic generally into two, sometimes into three bands; previously 
this effect had been linked (Wild, 1950a; Roberts, 1959b) without any 
foundation with a phenomenon like Zeeman splitting of the spectral lines. 

The possibility of which we are speaking was pointed out in the paper of 
Zheleznyakov (1965b). It allows for the oscillating nature of the mag- 
netic field Ho (the presence of solitary waves) in the front of the shock wave 
and the presence of electron drift relative to the ions. According to section 
27 the cause of the drift is the non-uniformity of the magnetic field. In this 
case the magnitude and direction of the drift rate are determined by the 
value and sign of the derivative dHo/dx (x is a coordinate in a direction 
orthogonal to the plane of the shock wave front). Since instability of plasma 
waves disappears with low velocities Vo it is clear from what has been said 
that the oscillations of the field Ho will lead a system of alternating layers 
containing amplified plasma waves being established in the front. Because 
the drift rates in adjacent layers are opposite the radio emission that ap- 
pears as the result of scattering on the electron fluctuations will have different 
frequencies. The frequency shift Aw is determined here by the Doppler 
effect; in order of magnitude Aw ~ (2,Vo)/c at the fundamental frequen- 
cy and is twice as much at the second harmonic. At frequencies of about 30 
Mc/s (wr, ~ 60X10? sec~1) the observed 5 Mc/s splitting occurs with a 
drift rate of 2-5 10° cm/sec (i.e. Vo/V,, ~ 6). The small number of split 
bands from the point of view under discussion is connected with the small 
number of oscillations in the front since under the actual conditions the 
oscillations are “blurred” because of turbulence; the latter leaves only 
one or two of the strongest solitary waves well formed (see Galeyev and 
Karpman, 1963). 

It was assumed above that the basic source of intense plasma waves 
in a shock wave front is the instability in the drift of the electrons relative 
to the ions. As well as this a significant part, generally speaking, may also 
be played by instability due to temperature “anisotropy”, which also 
occurs with large values of the refractive index n,(w). The corresponding 
amplification and instability criteria and the amplification factors can be 
obtained by means of the formulae (27.129)-(27.132). Unfortunately a 
detailed treatment has not yet been made here; to judge from the criterion 
(27.131) this effect is not reflected in the generation process of type II 
bursts (in a source of type II radio emission wp < œw, whilst the inequality 
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(27.131) is satisfied only if œ g > œ). A further investigation into the above 
idea of mechanism and generation conditions for the type II bursts has 
been performed by Zaitsev (1965). He has determined the shock wave pa- 
rameters responsible for type II bursts and the value of the magnetic field 
in the corona (Zaitsev, 1968). 


GENERATION OF TYPE I BURSTS 


It follows from observations of type I radio emission that it originates 
from motionless sources localized in active regions of the corona above 
groups of spots with a strong magnetic field. With this circumstance are 
obviously linked the characteristic features of the narrow-band bursts 
that distinguish them from events of spectral types II and III—the high 
degree of polarization and the absence of drift covering the extensive 
frequency range. As for the actual generation mechanism of the emission 
under discussion, this question has not yet been studied in sufficient detail ; 
we shall therefore limit ourselves to only certain preliminary ideas about 
the nature of type I bursts given in the paper of Zheleznyakov (1965b). 

First of all it is not impossible that a considerable fraction of the type I 
bursts (basically weak surges which appear during noise storms against 
a background of intense enhanced emission) is generated in the same way 
as the enhanced emission, i.e. by a non-coherent magneto-bremsstrahlung 
mechanism (see section 30). The narrow band of frequencies characteristic 
of type I bursts can be obtained provided that the emitting electrons are 
localized in a small enough region of the corona with an almost constant 
magnetic field Ho, and their energy £ « mc?; the rise in intensity then occurs 
mostly at the frequencies w ~ w,, 20, and not in the wide range Jw ~ w 
as for relativistic particles (section 26). 

The generation process of the bursts can then be pictured as follows. 
We assume that in a limited region of the coronal plasma by virtue of cer- 
tain causes (let us say under the action of shock waves in the magnetic 
field or the momenta of Alfvén waves) the fast electrons responsible for 
the enhanced radio emission either undergo additional acceleration or 
increase their concentration because of a decrease in the number of particles 
in the surrounding corona. The first effect leads to an immediate increase 
in the intensity of the emission from the region indicated; however, after a 
short time necessary for the escape of electrons of enhanced energy beyond 
this region the intensity returns in practice to its previous level. The same 
occurs with the second effect if the optical thickness of the system of fast 
electrons in the region in question is small enough (t, « 1). 

The generation scheme suggested for type I bursts deserves serious 
attention. It is attractive in that in accordance with the observations 
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(section 12) the bursts are connected closely with the enhanced emission, 
and their polarization, position on the solar disk and level of generation 
in the corona are close to the corresponding characteristics of this emission. 
The weak point of this hypothesis, however, is the simultaneous rise in 
intensity at several multiple frequencies, in contradiction of the observa- 
tions which show no simultaneous appearance of typeI bursts at frequencies 
in the ratio of, say, 2:1. The non-coherent magneto-bremsstrahlung 
mechanism in the framework of this scheme cannot apparently ensure 
the creation of the intense type I bursts that appear against the background 
of weak enhanced emission or in the absence of the latter either (Ginzburg 
and Zheleznyakov, 1961). In actual fact during the generation of bursts 
with an effective temperature of T,, ~ 10° °K the energy of the emitting 
particles (if their velocity distribution is not too far from an equilibrium 
one) is E 2 xT. ~ 105 eV. When there is no enhanced emission, i.e. in 
conditions when there are no energetic electrons in the corona above spots, 
the particles must be accelerated directly in the source in a time of the order 
of a second (the duration of a type I burst), starting from an original energy 
of a few hundred electron-volts. For a second the energy of part of the 
coronal electrons should rise by a factor of thousands right upto 2 > 10° eV. 
The possibility of acceleration of this kind is improbable. Therefore as 
well as the non-coherent magneto-bremsstrahlung mechanism we must 
also investigate other possible ways of generating type I bursts based on 
coherent emission mechanisms. 

In the preceding subsections we have discussed coherent mechanisms 
of sporadic radio emission, assuming that the source of the emission (plasma 
waves) is excited and maintained by streams of charged particles (type HI 
bursts) or bundles of plasma with a magnetic field “frozen in” (type II 
bursts). Apart from direct experimental data, the foundation for adducing 
special agents that maintain the plasma oscillations is the short attenuation 
time of free plasma waves in the corona with an equilibrium velocity distri- 
bution when compared with the total duration of types II and ITI events. 
The position is different for type I bursts since their life is comparable 
with the plasma wave attenuation time. The action of the agent causing the 
plasma oscillations may be of very short duration in this case, and be of 
the nature of a “push” after which the plasma oscilllations decrease their 
intensity exponentially with an attenuation constant y (26.76) if the length 
of the plasma wave is much greater than the Debye radius D. It follows 
from (26.76) that the characteristic life of type I bursts is then 
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and the emission frequency œw will be close to the Langmuir frequency wr 
(in an isotropic plasma). Since the optical thickness of the œ ~ œ; level 
rises as we move from the corona to the chromosphere the latter circum- 
stance helps us to understand why type I bursts are observed largely at 
metric wavelengths: the reduction in number and the decrease in intensity 
of the bursts in the decimetric band is connected with the displacement of 
the w, ~ @ level from the corona into the chromosphere. Furthermore, 
for bursts generated in the corona at an altitude of, let us say, h ~ 0-4R,, 
where vœ ~ 1-4 sec-1 with T ~ 10° °K (see Fig. 138), the time ft ~ 
0-35-0-7 sec isin close agreement with the experimental data of section 12. 
We note that it is this agreement that convinces us that the time of the action 
of the agent exciting the plasma waves is here comparable in order of 
magnitude with the attenuation time of the plasma waves or less than it. 

Allowing for the magnetic field does not introduce any significant change 
into the magnitude of the attenuation; however, it may noticeably alter 
the frequency of the plasma waves, particularly in the corona above large 
spots with a strong magnetic field. In actual fact in the presence of a magnet- 
ic field Ho the expression for y3 becomes more complex (Gershman, 1959): 


nz inz -1 
2uv sin alt uv sin | (31.12) 


Ya ~ ra| EA 


Nevertheless the numerical values of y3 will remain close to the former ones 
since with any u and v the value of y, lies in the range between y. and 
2v.g, and the values of fo correspondingly in the range from 1/% to 
$r. The frequency of the plasma waves in the magnetic field, generally 
speaking, is not the same as w, ; for example, with transverse propagation 
it is close to 4/@2 + w3, (for further details see section 23). To judge from 
the values suggested for the magnetic field in the corona above spots, on 
the one hand, and from the observational data indicating the high degree 
of polarization of type I bursts, on the other, the condition wg/œ <« 1 is 
not satisfied in the sources of radio emission. The latter may lead to a con- 
siderable difference between the frequency and the Langmuir frequency. 
As for type II bursts a possible source of plasma waves in the generation 
of type I bursts is shock waves in the magnetic field. However, unlike the 
type II events, shock waves unsupported by the motion of plasma bunches 
are rapidly damped, which ensures the short duration and narrow-band 
nature of type I bursts. In addition, in the latter case we are dealing with 
shock waves in a strong magnetic field (w,,/@ > 1), whilst in the sources 
of the practically non-polarized emission of type II the magnetic field is 
weak enough (w;,/@ « 1). Therefore the results for type II bursts cannot 
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be extended directly to type I; in particular the conditions for drift in- 
stability in the front of shock waves will not be the same as those found in 
section 27 (see (27.128)). The appropriate criteria have not yet been found; 
it is possible, however, that there is no particular need of them here, since 
another type of instability on plasma waves caused by temperature “aniso- 
tropy” in the shock wave (i.e. a coherent magneto-bremsstrahlung mecha- 
nism;t for further detail see section 27 and formula (27.131) in particular) 
apparently plays an important part in the generation of type I bursts. In 
the latter case we can understand the connection between the bursts and 
the enhanced emission since the presence of energetic electrons undoubtedly 
increases the amplification of the plasma waves caused by the temperature 
“anisotropy”, without increasing at the same time the amplification at the 
expense of the beam instability. Unlike the non-coherent mechanism, how- 
ever, we can hardly expect here close agreement of the polarization char- 
acteristics of the bursts and the enhanced emission because of the differ- 
ence in the conditions for the escape of these components from the corona. 


t The hypothesis of the coherent magneto-bremsstrahlung mechanism of type I 
bursts was put forward by Twiss (1958); the scheme of generation of bursts in the 
front of a shock wave because of temperature “anisotropy” was suggested by 
Zheleznyakov (1965b). For the generation of type I bursts, see also Takakura (1963a 
and 1956), Chertoprud (1963), and Trakhtengerts (1966). 
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CHAPTER X 


Origin of Radio Emission 
of the Planets and the Moon 


32. Hypotheses on the Mechanism of Jupiter’s Sporadic Radio Emis- 
sion 


THE “THUNDERSTORM” HYPOTHESIS 


Soon after the discovery of the radio emission of Jupiter a hypothesis 
was suggested for the origin of the bursts of radio emission based on an 
analogy between the atmospheric radio interference on Earth and Jupiter’s 
sporadic emission (Nature, 1955). According to this hypothesis, the emis- 
sion of this planet at frequencies of f ~ 20 Mc/s is caused by phenomena 
of a thunderstorm nature taking place in its atmosphere. 

A decisive argument (Zheleznyakov, 1958c) against this suggestion is 
the small frequency band Af occupied by each individual burst (A//f ~ 
1/20), whilst the spectrum of an atmospheric discharge covers a broad 
band (4f/f ~ 1). A comparison of Jupiter’s radio emission with terrestrial 
atmospherics (Smith, F. G., 1955; Horner, 1957) leads to the following 
results. Typical radio emission at a frequency of 10 Mc/s from an isolated 
lightning discharge in the Earth’s atmosphere consists of a burst up to 1 sec 
long with an amplitude of ~ 1 mV/m (at a distance of 5 km from the 
source of emission). The radio emission flux on Earth caused by a similar 
discharge on Jupiter is 5x 10-28 Wm? c/s—!. At the same time the obser- 
vations indicate that Jupiter’s radio emission is far more intense (generally 
of the order of 10°29 Wm=2c/s“!; see section 19). This discrepancy of 
seven orders could be partly explained by assuming that the emission of 
the planet is the result of superimposing numerous pulses that arise simul- 
taneously. In this case, however, it is difficult to understand why Jupiter’s 
tadio emission consists of bursts that are separate but can be resolved well 
in time and frequency. 

In a number of papers (see, e.g., Gallet, 1961) an attempt is made to 
connect the directional nature of the emission from lightning discharges 
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with the effect of Jupiter’s ionosphere, i.e. with the total internal reflection 
of radio waves from it (with large enough angles of incidence of the emis- 
sion from a source located in the lower layers of this planet’s atmosphere). 
There is little probability, however, that this is the correct explanation. 
In fact in the case when the source of the emission is below the N nax level 
of the planet’s ionosphere the emission escapes beyond the ionosphere at 
angles of Po < Pomax tO the vertical. The quantity Poma, is defined by the 
formula (22.40): 





Po max = arc sec . 
fL max 


It follows from the formula that the directivity of the emission varies de- 
pending on the ratio f/f; max (JL max isthe Langmuir frequency in the maxi- 
mum of the layer where the electron concentration is Nmax): the angle 
Po max decreases together with f, becoming zero when f = fr, max- 

The actual fact that Po max decreases at lower frequencies does not 
directly contradict the experiment indicating a decrease as the frequency 
rises in the angle 40 which Jupiter turns in the time of recording intense 
radio emission (see Fig. 97). The point is that the quantity 4O is affected 
not only by the beam width of the radio emission 40,, but also by the 
extent of the local source 4O ource in longitude on Jupiter (see (19.5)). 
The situation is quite possible that 40,,,<«< 4O ource and the observed 
decrease in AO at high frequencies is connected with a corresponding 
decrease in the size of the source. However, the fall of Po max together with 
fas (22.40) proceeds so rapidly that it is not possible to match the observa- 
tional data with the idea of the complete internal reflection in the Jovian 
ionosphere as the cause of the radio emission’s directivity. For example, 
to judge from Fig. 97, at a frequency of f = 27 Mc/s 40 does not exceed 
30°. Even with Po max% 4O /2 ~ 15° it follows that f; max = 26 Mc/s and 
detection of the radio emission becomes impossible at frequencies lower 
than 26 Mc/s, which does not correspond to reality: at the same time as 
radio emission at 27 Mc/s bursts have also been observed at a far lower 
frequency (19-6 Mc/s). In the case of omar < 40/2 the discrepancy with. 
the experiment becomes even greater. 

Since the original idea of the generation of bursts during electrical 
discharges between clouds in Jupiter’s atmosphere cannot be made to 
agree with the observational data, attention is now being paid to other 
possible ways of explaining the sporadic Jovian radio emission. The prob- 
lem of the origin of this emission has proved to be very complex; the diffi- 
culties met here have brought Strom and Strom (1962) even to the conclusion. 
that the observed bursts are not genetically connected with Jupiter but are- 
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the emission of cosmic discrete sources focused on the Earth by Jupiter’s 
ionosphere. One of the arguments against this hypothesis is that the 
bursts at the time of a noise storm are generated in one and the same region 
with a size of about the radius of Jupiter. During the refraction of remote 
sources in the planet’s ionosphere one would expect that the observed 
positions of the local regions of radio emission will differ by an amount 
of the order of the diameter of Jupiter. As pointed out by Jelley (1963), for 
the Stroms’ hypothesis to be valid we must also assume the presence of 
numerous discrete sources with anomalous properties; the existence of 
such sources is doubtful. Neither is any change observed in the frequency 
of the appearance of bursts as a function of the velocity of Jupiter’s move- 
ment through the sky; the spectrum of the Jovian sporadic radio emission 
differs sharply from the spectrum of cosmic sources. The constancy of the 
sense of polarization of the bursts also appears incomprehensible from the 
point of view of the hypothesis under discussion, since the discrete sources 
are eclipsed just as often by the northern and southern hemispheres of 
Jupiter which have magnetic fields of different directions. See also the 
criticism of this hypothesis by Smith, Six, Carr and Brown (1963). 

Landovitz and Marshall (1962) have recently put forward their own 
hypothesis, suggesting as the source of the sporadic radio emission stimu- 
lated spin transitions of electrons in the planet’s magnetic field. 


MECHANISM OF PLASMA OSCILLATIONS 


In our view the most probable source of the Jovian bursts of radio 
emission are plasma waves in Jupiter’s ionosphere excited by some agent 
and then partially transformed into electromagnetic waves. There are 
various opinions about the actual nature of this agent which we shall 
discuss a little later. For now we shall examine the simplest variant of the 
plasma hypothesis developed by Zheleznyakov (1958a and 1958c), actually 
without allowing for Jupiter’s magnetic field. 

In this variant it is assumed that conditions can occur in Jupiter’s 
ionosphere under which local violations appear of the quasi-neutral state 
of the plasma, the restoration of this state being accompanied by the appear- 
ance of eigen oscillations of the ionospheric plasma at frequencies 
© ~ wr, = (4e2N/m)"”. The electromagnetic waves “emitted” by the 
plasma oscillations as the result of one transformation process or another 
(section 25) are detected on Earth in the form of Jupiter’s sporadic bursts 
of radio emission.t Therefore this variant is similar to the mechanism of 
the eigen oscillations of type I solar bursts discussed in section 31. 


+ The possibility of the action of a plasma oscillation mechanism in the conditions 
of Jupiter has also been pointed out by Gardner and Shain (1958). 
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Let us see what a systematic application of this hypothesis to the case 
of Jupiter’s radio emission leads to. 

According to section 22 the frequencies of plasma oscillations (plasma 
waves) damped in a time much greater than 1/œ are close to w, = 2nf,. 
Since in the ionospheric layer the value of f; does not exceed its value in 
the maximum layer f; max an upper limit should exist for the radio emission 
frequency. This is confirmed by observations, according to which Jupiter’s 
activity generally appears only at frequencies of f S$ 30 Mc/s. It follows 
from this that the critical frequency fz max of Jupiter’s ionosphere is, as a 
rule, around 30 Mc/s, i.e. N nax ~ 107 electrons/cm?. 

The localization of the bursts’ sources in longitude from the point of 
view of the hypothesis under discussion is connected with the violation of 
quasi-neutrality only in a few of Jupiter’s most active regions. The narrow 
frequency spectrum of each individual burst can be explained only by 
assuming that the individual violations of the quasi-neutrality do not cover 
the whole thickness of the ionosphere, but are localized in altitude so that 
the relative variation in the electron concentration in the sourceis AN/N « 1. 

The observed radio emission appears either because of the transforma- 
tion of plasma waves in a regularly non-uniform plasma (namely in the 
layer € ~ O where the geometrical optics approximation is violated simul- 
taneously for electromagnetic and for plasma waves), or by Rayleigh scatter- 
ing of plasma waves on thermal fluctuations of the electron concentration 
(see section 25). Since these processes are achieved with conservation of 
frequency it is clear that the bursts appearing will be recorded on Earth 
only if they are generated above the maximum of the ionospheric layer. 
The latter eliminates from the plasma oscillation hypothesis the difficulties 
met by the idea of lightning discharges when explaining the directivity of 
the radio emission by refraction in the ionosphere. At the same time it is 
clear that radio emission whose source is plasma oscillations will be direc- 
tional since it is generated in a region where n? (wœ ~ w,) « | (see section 
22). 

We notice by the way that combination scattering of plasma waves 
on plasma waves of fluctuation origin occurs as well as Rayleigh scattering. 
The result is non-directional (or weakly directional) radio emission at a 
frequency w ~ 2w,, which explains the activity of Jupiter sometimes 
observed by Warwick in bands whose frequencies are in the ratio of approx- 
imately 2 : 1 (see section 19). 

It was stressed in section 26, and also in section 31 when discussing the 
mechanism of the radio emission of type J bursts that the attenuation 
coefficient of plasma waves with small wave numbers is y = ve (26.76). 
In the ionosphere the effective number of collisions is ve = ».;+¥em, Where 
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the number of collisions of electrons with ions »,, is defined by the formula 
(26.78) and with neutral molecules v.m by the formula (26.80). It is clear 
from this that the time in which the intensity of the plasma oscillations 
decreases by a factor e and the duration of a burst of radio emission caused 
by damped oscillations of the ionospheric plasma brought out of a state 
of equilibrium are given by the expression 


to = Ja. 
It also remains valid when there is a magnetic field (with an accuracy up to 
a factor of the order of 4; see (31.12)). 

By basing our work on this relation we can find from the known duration 
of the Jovian bursts the value of v, in Jupiter’s ionosphere, provided, of 
course, that the action time of the process disturbing the ionospheric 
plasma from a state of equilibrium is small when compared with 1/1,,. 
Otherwise only a lower limit of »,, can be estimated by observing the 
duration fy of radio bursts. If there really are surges with to ~ 1072-107? sec 
in Jupiter’s sporadic radio emission (there is a certain doubt of this at 
present; see section 19), then vœ 2 10-10% sec—1. For definitely existing 
bursts with to ~ 0-7 sec, vap 2 1:4 sec™}. 

If the number of collisions is determined by the collision of electrons 
with ions (ef œ Vei > Vem), then we obtain from the formula (26.78) that 
the kinetic temperature of Jupiter’s ionosphere is T ~ 2104-4 108 °K 
for N ~ 5X10® electrons/cm’ and v, ~ 10-10% sec". With the more 
probable limitation on the value of vœ 2 1:4 sec™l and with N ~ 5106 
electrons/cm? we obtain the condition T ~ 4X105 °K for the temperature 
of the ionosphere. Since it is extremely doubtful that temperatures of the 
order of 4X 105 °K occur in the planetary ionospheres, we conclude from 
this that the duration fo ~ 0-7 sec of the bursts of radio emission cannot 
be explained on the basis of a plasma mechanism in an isotropic plasma 
with a finite oscillation damping time: it must be assumed that a major part 
is played here by the time of the process which disturbs the plasma from 
a state of equilibrium. This assumption is superfluous for the millisecond 
bursts since temperatures of a few thousand degrees in the ionosphere are 
quite possible. 

Using the relations (AI’pert, 1960) 


S 2xT 
Nmax = yz >, J max = L= (32.1) 





Zef 1-36e;L ; K mg i 
which are valid for a simple ionospheric layer we can estimate the effective 
recombination coefficient æg, the ionizing capacity at the layer’s maximum 
J aax and the layer’s half-thickness L, knowing the ionization energy £, the 
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mass of the heavy particles m,, the flux of the solar ionizing radiation S, the 
temperature in the layer T and the acceleration due to gravity on Jupiter g. 
It was pointed out in section 3 that Jupiter’s atmosphere contains the 
following gases: methane CH4, ammonia NHs, hydrogen Hz and possibly 
helium He. The lightest components—hydrogen and helium—are appar- 
ently predominant at quite considerable altitudes (in the ionosphere). 
Assuming for the sake of definition that Jupiter’s ionosphere is formed by 
the ionization of Hz (molecular weight 2), we obtain that the half-thickness 
of the layer is L ~ 6X10? cm if g ~ 2°6X 103 cm/sec? and T ~ 2108 °K. 
Furthermore, the flux of ionizing solar radiation on Jupiter’s orbit, whose 
radius is 5.2 a.u., is (5:2)? times less than the corresponding values of S 
near the Earth. Following the data given by Al’pert (1960) (Chapter II) 
we shall take S, ~ 4X 1072—4X 1071 erg/cm? sec; then Sy is approxi- 
mately 1-5 10-3-1-5 10-2 erg/cm’sec.t For an Ha molecule the ion- 
ization energy is e, = 15-4 eV = 2-5X10-™ erg. Taking the above into 
consideration and putting Nmax ~ 10’ electrons/cm’, we find from (32.1) 
that the number of ions appearing in 1 sec in 1 cm? of the layer’s maximum 
is J nax ~ 1-10 ions/cm? sec, and the effective recombination coefficient 
is Gg ~ 1071-10713 cm3/sec. Allowing for possible dissociation of the 
hydrogen in Jupiter’s upper atmosphere alters these estimates slightly. 
By comparing the data obtained on Jupiter’s ionosphere with the para- 
meters of the Fe layer on Earth (Nmax ~ 108-2108 electrons/cm?, veg = 
3x10? sec“1, T ~ 2109 °K, aq ~ 3X107 cm3/sec, Jaar ~ 25-2000 
ions/cm? sec, L ~ 107-3X 10? cm), we can see that Jupiter’s ionosphere 
from the point of view of the simplest plasma hypothesis (without allowing 
for the magnetic field) differs from the F% layer in its higher electron con- 
centration with a far lower ionizing capacity of the solar radiation. This 
difference may be connected (in the respect under discussion) only with 
lower values of the recombination coefficient in Jupiter’s ionosphere. 
However values of o¢ ~ 1074-107! cm3/sec obviously cannot occur 
in the planets’ atmospheres; actually the recombination coefficients are far 
higher. For example, the radiation recombination of electrons with atomic 
ions is characterized by a value a.¢ ~ 1071? cm?/sec; for dissociative 
recombination of electrons with molecular ions æ, is even higher—of the 


t The value of S, of course, is not the same for the different gases and rises as the 
ionization potential decreases. The value taken for S corresponds to the ionization of the 
gases forming the F layer on Earth, i.e. N}, N and O (there are few O, molecules in this 
layer since at great altitudes the oxygen is almost entirely dissociated). Since these 
molecules and atoms correspond to energies of & = 15-8 eV, 14-5 eV and 13-5 eV, 
close to the ionization energy of hydrogen, it is clear that the value Sy ~ 1:5x10-3- 
1:5 10-* erg/cm? is fully capable of characterizing the radiation that ionizes the H, 
on Jupiter. 
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order of 107? cm/sec (see Von Engel, 1959, chapter 6). It is clear that the 
effective recombination coefficient, which is contributed to by different 
types of recombination process, is in any case not less than 10~! cm3/sec. 
Generally æ.ẹ noticeably exceeds its minimum value; in the Earth’s 
atmosphere, for example, this coefficient varies (depending on altitude) in 
the range 5X 1077-3X1071° cm3/sec. The necessity for values of œ.œ in 
Jupiter’s ionosphere that are too low is an obvious drawback of the 
variant of the plasma hypothesis that has been discussed. 

Another essential drawback to this variant is above all the requirement 
that the source of the bursts should be localized both as to its altitude in 
the ionosphere AN « N)t and on the planet’s disk (40 ource «< 180°). 
If the latter condition can still be somehow justified on the basis of general 
ideas of the connection between sources and the most active regions on 
Jupiter’s disk, then the limited extent in altitude in the ionosphere is not 
justified in any way. Furthermore, it is still not clear what process violates 
the quasi-neutrality of the isotropic plasma with subsequent restoration 
of the equilibrium via damped oscillations at a frequency œ ~ œp (see the 
discussion of this question in section 27). Therefore we must move away 
from the representation of “shock” excitation of plasma oscillations 
(in accordance with the results of section 27) to the representation of gen- 
eration of plasma waves as the result of instability of the ionospheric 
plasma, which is done below. And lastly, of course, generation in an iso- 
tropic plasma will not explain in any way the circular or elliptical nature 
of the polarization of Jupiter’s sporadic radio emission. 


PLASMA HYPOTHESIS OF THE ORIGIN OF JUPITER’S RADIO EMISSION WHEN 
THE PLANET’S MAGNETIC FIELD IS TAKEN INTO ACCOUNT 


Allowing for the effect of Jupiter’s magnetic field (whose existence is 
indicated by observations of Jupiter’s decimetric and decametric radio 
emission) on the generation and propagation of the radio waves removes 
the above difficulties (Zheleznyakov, 1959a and 1965c). 

It was pointed out in section 23 that the plasma waves in a magneto- 
active plasma correspond to frequencies of w,, ~ w,,, where œ. with fixed 
values of the gyro-frequency w, and the Langmuir frequency œr; has two 
values defined by the expression (23.4c). It is clear from (23.4c) that when 
the angle a between the field Ho and the wave vector k changes, the fre- 
quencies of the plasma waves (plasma oscillations) remain in the range 


max{wy, wL} S Op S Voto, 05S wp S minfwg, or} (32.2) 


+ The condition AN « N means that the generation region should be situated inside 
the ionospheric layer; it cannot be localized in the beginning of the layer or in its 
uppermost part. 
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and in any case œw, does not exceed 4/ w} + w3,. In the range of frequencies 
that correspond to the higher values of the plasma wave frequencies 


wp ¥ @, With œ} > wh, (32.3a) 
Op x On with w? < wz (32.3b) 


The case (32.3a) has been discussed above; we shall now turn to the more 
favourable case of (32.3b). 

First of all we note that in the variant (32.3b) the frequency of the 
plasma waves, and therefore of the radio emission generated, is determined 
not by the Langmuir but by the gyro-frequency w, = eHo/mc. A burst at 
a frequency w appears at the point on Jupiter’s disk where the magnetic 
field strength (at the level of the ionosphere) is Ho ~ mcw/e. Since the 
sporadic radio emission is observed between about 5 and 35 Mc/s we 
conclude that the magnetic field in the sources is 2-12 oe. 

An estimate of the maximum value of the electron concentration can be 
obtained by requiring that the effective recombination coefficient a ¢ 
should not drop below 10-1 cm/sec with an ionizing capacity of J,,, 
1-10 ions/em?sec. According to (32.1) in this case N nax S (1-3)x10* 
electrons/cm. The reduced values of the electron concentration eliminate 
the difficulties with the value of the effective recombination coefficient in. 
the Jovian ionosphere. 

On the other hand, for generation of radio emission at frequencies. 
around 5 Mc/s it is necessary for the Langmuir frequency not to exceed this. 
value, i.e. that in the source we should have N < 3X105 electrons/cm3.t 
If the generation process of each individual burst covers the whole thick- 
ness of the ionosphere over a given point on the surface, this leads to the 
condition N pax < 3X 105 electrons/cm*. 

It is not hard to see that with concentrations of N aax < 3X 10° electrons/ 
cm? the band of frequencies taken up by an individual burst will remain. 
narrow enough even if the size of the source in altitude is comparable with 
the thickness of the ionospheric layer (i.e. the variation AN in the source is. 
of the order of N nax). It is clear from the first relation (32.2) that the band 
of frequencies generated with œ} < œ, because of the variation in the 


~ 


+ For the duration of a burst to be defined by the relation fg ~ 1/v. (to be more 
precise, fo ~ $¥err in the magnetic field with œ = wy; see (31.12)) even lower values. 
of N in the source are necessary (with a reasonable value of the kinetic temperature T).. 
For example, for T ~ 210° °K and var ~ 1-4 sec! the required concentration N 
will be of the order of 2 x 10° electrons/cm?. Still lower values of N will lead (contradict- 
ing observations) to too long a burst duration; with higher concentrations the duration 
of a burst will no longer be determined by the effective number of collisions but by the: 
duration of the action of the agent causing the plasma oscillations. 
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electron concentration in the generation region is 
if Aw? _ dot 
Anoy 8f 

At a frequency of f ~ 20 Mc/s with AN ~ N mar < 3X105 electrons/cm? 
the value is Af < 0-6 Mc/s, whilst the observed value of Af averages about 
1 Mc/s. 

The width of the frequency spectrum of an individual burst also depends 
on the variation of the magnetic field strength in the source; because of 
the latter 


(32.4) 


Af AHo 
f Ho’ 


From this we obtain that with Af ~ 1 Mc/s at f ~ 20 Mc/s the permissible 
relative variation in the field is 4Ho/Ho ~ 5X10-2; the corresponding 
absolute variation is AHo ~ 0-4 oe. Therefore in an ionospere with N nax = 
3105 electrons/cm’ and a relative variation of the magnetic field in a 
radial direction of not more than 5<10-t the necessity for localization 
of the source in altitude to explain the narrow frequency spectrum of the 
individual bursts is eliminated. 

_ Furthermore, the small extent of the local radio emission sources in 
longitude can be explained naturally (provided that œ ~ w,,) by the fact 
that the magnitude of Jupiter’s magnetic field varies with longitude, reach- 
ing a maximum with values of O corresponding to the centres of the local 
sources. The maximum value of Ho ~ 12 oe ensures generation of radio 
emission at frequencies up to 35 Mc/s; the minimum value of Ho ~ 2 
oe is sufficient to create bursts at a frequency of 5 Mc/s. The estimate of 
the minimum magnetic field should be re-examined (by way of reducing it) 
if sporadic radio emission from Jupiter is found at frequencies below 5 Mc/s.t 
Radio emission at the maximum frequency originates only from the centre 
of a source where the field Ho is maximal ; the emission at lower frequencies 
originates from regions surrounding the centre of the source. Here, 
obviously, the lower the frequency the greater the size of the source in 





(32.5) 


+ This condition is not hard to satisfy. For example, if Jupiter’s magnetic field is 
created by a dipole placed at the centre of the planet, then H, œ R~®, where R is the 
distance from the centre. The field variation in the range AR in the ionosphere is then 
AH,/H, = 34R/R 4, where Ra ~ 7X10° cm is the radius of Jupiter. The ratio is 
AH,/Hy S 5X10 ~-? if the thickness of the ionosphere is AR S 10® cm (we recall that 
the half-thickness of the hydrogen ionized layer on Jupiter is L ~ 6X10? cm when 
T ~ 2X 10°°K). 

t Therefore from the point of view of the plasma hypothesis in a magnetic field there 
should be both upper and lower limits to the frequency of the bursts of radio emission 
of Jupiter. Finding the lower limit would therefore be an additional argument in favour 
of the hypothesis under discussion. 
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longitude. This circumstance apparently also explains the observed rise of 
AO with wavelength (see Fig. 97). At low frequencies (5-10 Mc/s) radio 
emission may be generated in a broad range of longitudes, which helps us. 
to understand the actual absence of sharply defined sources of radio 
emission at these frequencies. 

Thanks to the directional nature of Jupiter’s radio emission the observed 
bursts come from the part of the disk located near the planet’s central 
meridian. As a result the range of frequencies in which Jupiter’s radio emis- 
sion is recorded will vary with the rotation of the planet in accordance 
with the variation of the magnetic field in longitude. As the local source 
approaches the central meridian Jupiter’s activity will appear at the higher 
frequencies, whilst after the source has passed (to be more precise, its 
centre has passed) through the central meridian the activity will start to 
appear in a range that moves down the frequency scale. This feature of the 
sporadic radio emission is well confirmed by Warwick’s observations (see 
Fig. 92). His data characterize the frequency drift for the main local. 
source (longitude © ~ 180°) and cover a range of longitudes from 85 to 
285°. If Jupitre has a dipole magnetic field the required variation in the 
field strength Ho over the surface (by a factor of 6-7) cannot be explained 
by setting the dipole in the centre of the planet: since the axis of the dipole 
is close to the rotational axis (and it is this orientation which is necessary 
when explaining the decimetric radio emission polarization observations; 
see section 20) the magnetic field Ho is practically independent of the long- 
itude.t On the other hand, with the formula (33.1) it is easy to check that 
the necessary variation Ho(@) (near the equator) will occur if the magnetic 
dipole is moved in the plane of the equator a distance of ~0-3R y, from the 
centre (to a point with the longitude of the main local source © ~ 180°). 
This kind of displacement is in complete agreement with the data obtained 
when investigating Jupiter’s decimetric radio emission and given in section 
20. We notice that the magnitude of the displacement alters slightly if the 
generation regions of the bursts observed on Earth are not in the equatorial 
belt but in the middle latitudes where the lines of magnetic force in the 
planet’s ionosphere run along the line of sight (Warwick, 1961, 1961-2 and 
1963). This siting of the sources is a natural consequence of using gyro- 
resonance absorption to explain the directivity effect in the Jovian iono- 
sphere (see below). 

How are we to interpret the characteristic directivity of the emission in 
the framework of the plasma hypothesis while allowing for the magnetic 
field ? Above we confirmed that if the hypothesis under discussion is valid 


+ And in general with a constant distance R from the centre of the dipole the value 
of H, varies by a factor of only 2 (see the formula (33.1)). 
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the electron concentration in the source should be lower than 3X105 
electrons/cm’. Then the parameter v = w?/m? < 0-1 at frequencies of 
J 2 15 Mc/s, where the directivity of the radio emission actually is ob- 
served. According to section 23 the refractive index of an ordinary wave is 
Ng ~ 1; when v «<1; therefore the directivity cannot be connected with 
refraction in the ionosphere if the plasma waves are transformed for pref- 
erence into ordinary waves and the condition N < 3X 105 electrons/cm® 
(i.e. the equality nz ~ 1) is satisfied over the whole of the path from the 
source to escape from the ionosphere. The refraction becomes significant 
if there are enhanced values of N above the source; however, the inter- 
pretation of the directivity by the effect of total internal reflection meets 
here with the difficulties mentioned at the beginning of the chapter. On 
the other hand, if the plasma oscillations are transformed into extraor- 
dinary waves in the vicinity of the point v = 1—+/ u (which with v « 1 
is close to the level u ~ 1, i.e. @ ~ wy), then the radio emission may become 
directional since in the vicinity of v = 1—+/ u the refractive indexis nı ~ 0 
{see section 23). 

It is also possible that the directivity of the radio emission is caused by 
gyro-resonance absorption in the œ ~ 2m, layer which increases as the 
angle between the direction & of the wave propagation and the field Ho 
increases (section 26). This layer is obviously located higher on Jupiter 
than the œw ~ wy, layer where the radio emission is generated (since the 
strength of the magnetic field falls with altitude); for example in the middle 
-of the main local source at a distance of approximately 0-7R» from the 
magnetic dipole the magnetic field proportional to R~? is halved at an alti- 
tude of h ~ 0-2Ry. 

To estimate the extent of gyro-resonance absorption in the œ ~ 2a, 
layer we make use of the formula (26.126), putting v « 1 and s = 2 in it: 


Tan 2 PaLn (1 +cos a)? sin? a. (32.6) 


‘The parameter Ly ~ (dR/dHo)Ho in the case of a dipole magnetic field 
where Ho œ R~? will be approximately R/3, which at an altitude of 
h ~ O2Ry is 0-4R». Then at a frequency œ ~ 42X10? sec™4 (f~ 20 
Mc/s) the optical thickness of the w ~ 2m, layer is 

tp ~ 1-3X10~°NT(1 cos a)? sin? a. (32.7) 
For creation of the observed directivity (4O, ~ 45° at f ~ 20 Mc/s; see 
Fig. 97) it is necessary that T, should be of the order of unity when « ~ 
4@,,,/2 ~ 22°. We obtain from the formula (32.7) that this condition 
will be satisfied for an extraordinary wave if NT ~ 1-5X10°, and for an 
ordinary wave if NT ~ 7X10". With a value of T ~ 5X10? °K, which is 
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apparently a quite reasonable estimate of the kinetic temperature at alti- 
tudes of h ~ 0-2R», the electron concentration in the œw ~ 2m, layer 
should reach 3X105 electrons/cm® (extraordinary wave) and 1-4x105 
electrons/cm3 (ordinary wave). 

The over-high values of N for ordinary waves indicate the impossibility 
of using gyro-resonance absorption to explain the observed directivity if 
Jupiter’s sporadic radio emission is waves of this type. On the other hand, 
the existence at an altitude h ~ 0-2Ra ~ 1-4X10° cm of ionized layers 
with a concentration N ~ 3X105 electrons/cm? is quite possible. In fact, 
with T ~ 2103 °K, as we have seen, the half-thickness of the ionized 
layer formed by ionization of the hydrogen is 6X10? cm on Jupiter. The 
extent of the Chapman layer between the points where the concentration 
falls by a factor e from its maximum value is approximately 4L, i.e. 
2-4X 108 cm. This is a fifth of the altitude of the œ ~ 2m, level on Jupiter 
of interest to us. If, however, we remember that the decrease in the con- 
centration N with altitude above the layer’s maximum probably decreases 
far more slowly than that described by a simple Chapman layer (the 
example of the Earth’s ionosphere convinces us of this) and the kinetic 
temperature can be over 2X 103 °K, it becomes clear that an ionosphere 
~ 10° cm in extent probably exists on Jupiter. In this case the radio emis- 
sion should be generated only in the lowest layers of the ionosphere to 
provide the narrow frequency spectrum of the individual bursts; other- 
wise it will be “blurred” because of the variation in the magnetic field 
with altitude. 

Therefore both the interpretations discussed above for the directivity of 
Jupiter’s radio emission require that chiefly extraordinary waves should be 
generated in the ionosphere: in this case, in complete agreement with 
experiment, the radio emission acquires a sharply polarized nature. The 
observed clockwise (right-handed) rotation then points to the circumstance 
that in the generation region the magnetic field Ho is at an acute angle to 
the observer (if, of course, in the process of being propagated in Jupiter’s 
exosphere the radio emission does not pass through a transverse magnetic 
field region, resulting in a possible change in the sense of rotation).t 

t As shown in section 24, the sign of the rotation does not change when there is 
strong wave coupling in a transverse magnetic field region. We notice that the phenom- 
enon of interaction of extraordinary and ordinary waves when passing through this 
region (namely the partial transformation of extraordinary emission into ordinary) can 
explain the elliptical nature of the polarization of Jupiter’s decametric radio emission. 
For this it is necessary that the product NH in the transverse field region should be of 
the order of 5X 10? (see the formula (24.49) and below); with concentrations of N ~ 10° 
electrons/cm® the latter condition gives reasonable field values of Hy ~ 1 oe. The posi- 


tion here (and the difficulties with interpreting the ellipticity) is exactly the same as for 
the solar radio emission (see the last subsection of section 24). 
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The mechanism of transformation of plasma waves into electromagnetic 
waves should obviously ensure preferential radiation of extraordinary 
emission. Transformation by wave coupling with quasi-longitudinal prop- 
agation is ineffective here: it occurs with v = w?/w? ~ 1, whilst in the 
model v « 1 (see section 25). Rayleigh scattering of plasma waves cannot 
be of any help in this respect either, since the effect of scattering into ex- 
traordinary emission has no advantages over effects of scattering into ord- 
inary waves. On the other hand, the intensity of scattered ordinary emis- 
sion here will probably be even higher since n} > n? (see, e.g., the formula 
(25.42))}. The transfer of waves from the plasma branch onto the branch 
corresponding to an extraordinary wave is more promising; this change 
without allowing for thermal motion appears as the phenomenon of 
“leakage” of extraordinary waves from the branch corresponding to high 
values of the refractive index ni(v) when v > 1—u into the branch 72(v) in 
the region v < 1—~/u (see, e.g., Fig. 116). 

The coefficient of the emission “leakage” through the region nj < 0, 
which for us plays the part of the transformation coefficient, is obtained 
by Denisov (1958 and 1959; see also Ginzburg, 1960b, section 27) for the 
special case of transverse propagation (æ = 2/2) in a constant magnetic 
field: 





Q=e%, 
ap 4 aT aa app l- Vl + Vex 
1 
1—/u_,\]12 
1-2)(1 #2) | dt. 2.8 
joie one 


Remembering that v « 1 and putting u ~ 1, 1—4/ u ~ v, we obtain: 
1 
8o = 4/22 v]grad v= | vine dt = V2m— v| grad v|-4, (32.9) 
0 


In an unperturbed ionosphere the leakage is absolutely negligible: with 
L ~ 6X10 cm and |grad v|! ~ Ljv at frequencies of f ~ 20 Mc/s the 
parameter is d9 ~ 10°! However, in non-stationary conditions the posi- 
tion may alter significantly. For example, in the fronts of strong shock 
waves passing through the plasma |grad v|! < l; /v. In a magnetoactive 
plasma the width of the front J, varies within wide limits depending on the 
strength of the magnetic field, reaching a value of U/»,g, where U is the 
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velocity of the shock wave (see (27.122)), in a fully ionized and sufficiently 
rarefied medium. In the latter case, however, the front consists of a series 
of solitary waves whose half-width (~ c/(2m,,/M—1); M is the Mach 
number; see (27.119) and (27.120)) actually determines the characteristic 
distance over which the plasma parameters change. For shock waves 
with M ~ 2 the parameter is |grad v|! ~ c/2m,v,s0 59 ~ 2@/4/2,. At 
f= 20 Mc/s with N ~ 3X105 electrons/cm? we obtain: ôo ~ 8-6; Q ~ 
1:5X10-4. The transformation coefficient given is apparently fully 
applicable; in any case it is higher than the values of the transformation 
coefficient in a regular solar corona (see section 25). 

The reservation should be made that the estimates given for Q in a 
shock wave front are only by way of being a guide. This can be seen from 
the fact that the formulae (32.8) and (32.9) are valid only in a uniform 
magnetic field, whilst in a shock wave front there may be considerable 
variation of the field H. In addition, the estimates of the width of the 
shock wave front need to be made more accurate (allowing for incomplete 
ionization of the plasma, etc.). 

We have thus come to the conclusion that the strong polarization and 
directivity of the Jovian bursts can be explained only provided that the 
transformation of the plasma waves is chiefly into extraordinary emission, 
which is possible when there are sharp drops in the density of the iono- 
spheric plasma (and the magnetic field) of the shock wave type. The next 
very important problem is obviously the question of the conditions for the 
appearance of plasma waves at frequencies of œ ~ w,. When discussing 
in section 27 the problem of the appearance of plasma-type oscillations in 
the front or behind the front of a shock wave we remarked that there is 
no such effect in a plasma without a magnetic field. 

In a magnetoactive plasma, however, instability and amplification of 
waves of the electromagnetic and plasma types can occur because of the 
non-equilibrium nature of the particle velocity distribution function in the 
shock wave front. In actual fact, as was made clear at the end of section 
27, instability appears in the first place because of temperature “aniso- 
tropy” of the electrons when the magnetic field in the shock wave front 
changest and, in the second place, because of a shift of the maximum of 


+ In this case the plasma wave excitation mechanism can with complete justification 
be called a coherent magneto-bremsstrahlung mechanism, since it leads to plasma wave 
amplification at the frequencies œ ~ wy (where n2 >> 1) which at the same time satisfy 
the Doppler equation (26.31). We note that as applied to Jupiter’s sporadic radio 
emission the magneto-bremsstrahlung mechanism of non-relativistic electrons (non- 
coherent) has been discussed by Ellis (1952 and 1963). The drawback of the 
non-coherent mechanism is the difficulties with explaining the high intensity and the 
burst nature of the decametric emission. 
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the ions’ distribution function relative to the electron maximum; this kind 
of drift is also connected with the variation in the magnetic field in a shock 
wave. Warwick (1961, 1961-2, 1963) has indicated another possible way 
plasma waves can be generated in the Jovian ionosphere—because of in- 
stability of the ionospheric plasma penetrated by streams of particles from 
the radiation belts. In this case the shock waves can obviously play the part 
of a “starting mechanism” which will provide a sharp rise in the coefficient 
of the transformation of the plasma waves into electromagnetic radiation 
and as a consequence the effective escape of the radio emission recorded 
on Earth in the form of a burst from Jupiter’s ionosphere. 

It is still unclear which of the above possible ways of generating plasma 
waves plays the major part in the mechanism of Jupiter’s sporadic radio 
emission. Warwick’s point of view is attractive in that it allows us to 
connect (via the particle density in the planet’s radiation belts) the observed 
variations in Jupiter’s activity in the decametric band with the solar 
activity index. The wave amplification behind the shock wave front (in a 
temperature anisotropy region) also rises if in the ionospheric plasma there 
is an admixture of energetic electrons from the radiation belts, so War- 
wick’s idea in this sense is not an exception. 

A careful analysis of the possible ways of generating plasma waves in 
Jupiter’s ionosphere, an estimate of the expected values of the amplitude 
of these waves, etc., now acquire first importance in the theory of Jupiter’s 
sporadic radio emission.t 


33. Origin of the Continuous Radio Emission 
of Jupiter and Saturn 


RADIATION BELTS AS THE SOURCE OF JUPITER’S DECIMETRIC RADIO EMISSION 


The closeness of the values of Jupiter’s effective temperature Tagy at 
wavelengths of 4 ~ 3 cm to the temperature of the upper layer of clouds 
(determined by measurements in the infrared part of the spectrum) allow 
us to assume that the lower layers of the Jovian atmosphere play the major 
part in the generation of the radio emission in this band (and apparently 
also of the shorter wavelengths). The emission here is thermal in nature 
and is probably connected with molecular absorption in the components 
forming the planet’s gaseous shell. It must be said, however, that the role 
of molecular absorption of Jupiter’s atmosphere in the part located above 


t We recall that the questions of the generation of plasma waves in the passage of 
shock waves in a plasma have also been discussed in the theory of types I and II bursts 
(section 31). 
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the cloud layer has an effect only in the vicinity of 4 ~ 1-25 cm where the 
lines of the ammonia inversion spectrum lie.t 

The slightly higher values of T.¢2 at 4 ~ 3 cm when compared with 
the infrared temperature (see section 20) are possibly caused by the vari- 
ation with altitude of the kinetic temperature in the planet’s lower atmos- 
phere. A certain part in the creation of this temperature difference may 
also be played by the emission of the radiation belts which is still notice- 
able in this range. An argument in favour of the last suggestion is the 
~ 30° change in Jupiter’s effective temperature in 1957-8, and also the 
anomalously high values of T.a} =~ 268°K found on 30 April—1 May 1958. 
(Rose, Bologna and Sloanaker, 1963a and 1963b). In this connection in- 
vestigations of the correlation between the intensity of Jupiter’s radio. 
emission at a wavelength of 3 cm and the intensity in the decimetric wave- 
band, where the part played by the radiation belts is indisputable (see 
below), would be very valuable. 

Observations of Jupiter in the decimetric band, which revealed a very 
high effective temperature (up to 104°K and more), indicated that it is 
not the lower atmosphere that makes the major contribution to the radio 
emission investigated here but some other layers of the planet. Among the 
various possible ways of explaining such a high radio temperature (of the 
order of the temperature of the Sun’s photosphere) discussed by Field 
(1959) and Roberts and Stanley (1959) there was also a hypothesis about. 
Jupiter’s radiation belts (similar to the Earth’s Van Allen belts) being the 
sources of the observed decimetric radio emission. The decisive confirma- 
tion of this hypothesis was the results of radio measurements of the planet’s. 
radio diameter, which in the equatorial direction turned out to be three 
times greater than the optical diameter, and the discovery of linear polari- 
zation at decimetric wavelengths. 

In the framework of the radiation belt hypothesis the decimetric radio 
emission is interpreted as the non-coherent magneto-bremsstrahlung of 
electrons retained by the planet’s magnetic field. If the magnetic field at 
distances of one or two radii of Jupiter from its surface is by way of being. 
a dipole, then with sufficient symmetry in the spatial distribution of the 
emitting electrons the circular polarization of the total emission disappears, 
whilst the linear polarization, generally speaking, remains. It is clear from 
symmetry considerations that the plane of polarization in this case is either 


t+ According to Naumov and Khizhnyakova (1965) the optical thickness of a. 
column of atmosphere resting on the clouds is greater than or of the order of unity in 
the range A ~ 1-0-1-7 cm. 

t In this connection see the remarks about the polarization of the “quiet” Sun’s. 
radio emission made in section 8. 
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the same as the plane of the magnetic equator or will be orthogonal to the 
latter. What has been said is in complete agreement with the observations 
‘which did not display circular polarization and recorded only linear polari- 
zation in a plane close to the Jovian equator. The variations in the plane 
of polarization with the planet’s rotational period and a maximum devia- 
tion of approximately ten degrees from the plane of the equator can be 
explained naturally by the deflection of the magnetic dipole’s axis towards 
Jupiter’s axis of rotation. The variations in the intensity of the radio emis- 
sion with the same period are caused by the differing concentration of the 
emitting electrons in longitude. The last effect may be a consequence of 
changes in the injection conditions and losses of emitting electrons in the 
“trap” created by Jupiter’s magnetic field at different longitudes; in its turn 
the most probable cause of this change is the displacement of the magnetic 
-dipole towards the equator relative to the centre of the planet. We recall 
that the suggestion of the presence of this kind of displacement must 
also be introduced when interpreting Jupiter’s decametric radio emission 
(see p. 619). 

Furthermore, it is easy to see that the idea of the magneto-bremsstrah- 
lung origin of Jupiter’s decimetric radio emission does not contradict 
the observed weak dependence of the size of the source on the frequency 
(according to the data of Morris and Berge (1962) the planet’s equatorial 
radio diameter rises in a ratio of 1-14 when the frequency decreases by a 
factor of 1-45; see section 20). For example, in the most unfavourable case 
when the radiation belt in the dipole magnetic field 

Ry l 
Ho = Hoos (1+3 sin? p)! (33.1) 


{¢ is the magnetic latitude, Hoo is the field in the equatorial plane at a dis- 
tance R from the centre of the dipole equal to the planet’s optical radius 
Ry) has a great extent in R, the radio diameter of the planet 2R,, at a fre- 
‘quency w can obviously be determined from the following condition: Rig 
is approximately equal to the distance at which the frequency (26.48) 
ome = (net) 
max — 2 me 3 


corresponding to the maximum intensity in the synchrotron spectrum, is 
the same as w. It follows from this that? 


Rest © We (33.2) 


+ The formula (33.2) obtained here for the magneto-bremsstrahlung of relativistic 
-electrons is also valid, of course, for non-relativistic electrons for which, unlike (26.48), 
Onax = Wz. 
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(with constant ¢ and £). Therefore when the frequency changes by a factor 
of 1:45, Rg changes by a factor of only 1-12, which agrees closely with 
experiment. 

Further realization of the non-coherent magneto-bremsstrahlung 
mechanism of Jupiter’s radio emission is closely connected with the choice 
of the energy & of the emitting electrons and the strength of the planet’s 
magnetic field. Drake and Hvatum (1959), Roberts and Stanley (1959) 
and Field (1959) without detailed discussion have suggested relativistic 
electrons as the source of the radio emission; as applied to Jupiter their 
emission has been discussed in detail by Chang and Davis (1962) and 
Korchak (1963a and 1963b). On the other hand, in a number of papers 
(especially in papers of Field, 1959, 1960 and 1961; see also Korchak 
and Lotova, 1963) a non-relativistic electron model has been strongly 
developed. The question of the choice between relativistic and non- 
relativistic electrons as the source of the radio emission has been 
discussed in the paper by Zheleznyakov (1965c), which gives the argu- 
ments against the non-relativistic electron model. 

First of all the radio emission frequency œ in this model is equal to the 
gyro-frequency wy, which at a wavelength of 20 cm requires the existence 
in the radiation belt (i.e. in the equatorial plane at a distance of R ~ 3Ry 
from the centre of the dipole) of a magnetic field with a strength Ho ~ 
500 oe. In accordance with (33.1) this value corresponds on the surface 
of Jupiter to a field of about 1-5 X 104 oe at the lower latitudes and 3 x 104 
oe at the poles. It is completely unclear how such high magnetic field values, 
unacceptable in themselves, can be made to agree with the hypotheses of 
the origin of Jupiter’s sporadic bursts of radio emission; as we have shown 
in the preceding section, the most probable ideas on the mechanism and 
conditions of generation of the bursts require the existence on the planet’s 
surface of a far smaller field (about 5-5 at a distance R ~ R q from the centre 
of the magnetic dipole, which gives a value of Ho ~ 0-2 oe in the region of 
the radiation belt R ~ 3Ry). 

Further, it is appropriate to draw attention to the circumstance that the 
actual fact of the linear polarization of Jupiter’s radio emission imposes 
definite limitations on the value of the planet’s magnetic field, since with 
large enough magnetic fields depolarization of the observed radio emission 
will occur because of Faraday effect in the source. 

As shown in section 23, the depolarization caused by rotation of the 
plane of polarization in the radio emission source will be insignificant 
only if 

4-7-104 
fe 


41 627 





NHocos« AL < 1 


Radio Emission of the Planets and the Moon [Ch. X 


(see the formula (23.28) ). In the case of interest to us of Jupiter’s radiation 
belts the dimension AL characterizing the difference in travel between 
waves originating from different points in the source can be taken as 
equal to ~ 3R,,.t Then from the condition given we at once obtain that 
linear polarization at A ~ 30 cm (f ~ 10° c/s) can be observed only if the 
magnetic field Ho and the concentration of the plasma at the level of the 
belts (i.e. at a distance R ~ 3R from the centre of the planet) satisfy the 
inequality 

NHo cos « < 108. (33.3) 

The inequality (33.3) can be used to make a definite choice between 
the non-relativistic and relativistic electron models, giving preference to 
the latter. In fact, non-relativistic electrons require magnetic fields of Ho ~ 
3-5 10? oe in the source for generation of emission at a frequency of 
f ~ 10° c/s. Then the condition (33.3) will be satisfied (with cos æ ~ 1) 
only if the electron concentration of the plasma at a distance of up to two 
radii from the planet’s surface is less than 3 electrons/cm%. The permissible 
upper limit for N may rise at the expense of cos «; it is very improbable, 
however, that it exceeds 30 electrons/cm*. Since the actual value of N is 
apparently higher, we come to the conclusion that the idea of a non-relativ- 
istic radiation belt contradicts the polarization measurements of Jupiter: 
at A ~ 30 cm. (It would be very interesting to carry out measurements of 
the polarization at longer wavelengths, let us say at A ~ 60 cm; this would 
make it possible to impose a more rigid condition on N). At the same time 
for relativistic electrons and fields of Ho ~ 0-2 oe the condition (33.3) is 
easily satisfied with quite reasonable limitations on the particle concentra- 
tion: N < 5X10? electrons/cm3 for cos æ ~ 1. 

Taking as our starting-point a model of relativistic electrons emitting 
during motion in a Jovian magnetic field with a strength Ho ~ 0:2 oe, 
we shall estimate the mean energy & and concentration N, of these electrons 
which are necessary for interpreting the observed decimetric radio emis- 
sion. 

It is not hard to find the value of £ from the formula (26.48), putting 
in it the gyro-frequency ,, ~ 3-5 10® sec™ (Ho ~ 0-2 oe) and the fre- 
quency corresponding to the maximum intensity of the synchrotron emis- 
sion Omay ~ 27X 10° sec“ (i.e. A ~ 30 cm). Then 


& ~ 60 mc? ~ 30 MeV. (33.4) 


t The quantity 3Ry, is the difference of travel for two rays—from the central part of 
Jupiter’s disk and from the periphery of the source. 

t Apparently the maximum of the frequency spectrum of Jupiter’s decimetric radio 
emission is at A ~ 20-30 cm, although it is possible that it is displaced away from this 
value towards the longer wavelengths. 
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Let us now discuss the concentration of the emitting particles. In accord- 
ance with (26.45) (see also Fig. 136) the energy of the electron’s synchrotron 
emission at the maximum of the spectrum is 


Bea SOE Es a: (33.5) 


Then the emissive power of a unit volume in a 1 c/s range is N,(d&,/dt) = 
2nN,(dé,,/dt), and the total energy of the emission of the whole: radiation 
belt in the same range will be N,V,(dé,/dt).t Considering for the sake of 
simplicity that this energy is evenly distributed in all directions, we find 
that the radio emission flux at a distance R from Jupiter is 


N,V, dês _ 0:4 N,V, e 


one nR d x Rc 








Oy. (33.6) 


From this it is easy to find the value of N,. Saying that the decimetric 
radio emission flux observed at a distance of R = 5-2 a.u. ~ 7-8X104%cm 
is S, ~ 43X107% W m~? c/s~} = 43X107? erg sec™? cm? c/s™?, and 
considering that the volume of the source is V, ~ 10Vq ~ 1-4 10%! cm? 
(Vy is the volume of Jupiter), @, ~ 3-5 10° sec™1, we obtain: 


N,V, ~ 10? electrons, N, ~ 107? electron/cm’. (33.7) 


When investigating Jupiter’s radiation belt of relativistic electrons there 
is also great interest in a more detailed comparison of the characteristics 
of their synchrotron emission (calculated on the basis of definite models 
of the belts) with the observed features of the decimetric radio emission. 
Without stopping to discuss this important question we refer the reader 
to Chang and Davis (1962 ; see also Korchak, 1963a and 1963b). All we 
shall say here is that the basic feature of these papers is finding the Stokes 
parameters for the total emission of a system of relativistic particles ina 
dipole magnetic field from the known Stokes parameters for the emission 
of an individual electron.t The calculations are simplified here by discus- 
sing only a thin radiation belt, i.e. a belt whose extent along the planet’s 


t Here we are simply summing the intensity of the emission from all the particles 
making up the radiation belts without allowing for reabsorption. The energies of the 
emitting particles (~ 30 MeV) correspond to a temperature of T ~ &/x ~ 3xX10"°K, 
whilst the effective radio emission temperature is seven orders lower. It is clear from a 
comparison of these temperatures that the radiation belt should be optically thin, which 
makes the reabsorption insignificant (see section 26). The difference of the particle 
distribution in the source from an equilibrium one does not alter this conclusion in 
practice because of the high value of the ratio &/«T eu. 

t For the Stokes parameters which fully characterize the radio emission intensity 
and polarization see section 6. 
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radius is small when compared with the distance from the belt to the mag- 
netic dipole. If we consider in a good approximation that the electrons in the 
radiation belt move along the magnetic field’s lines of force in conditions 
which ensure conservation of the adiabatic invariant sin? y/H» = const 
(y is the angle between the magnetic field Ho and the electron’s velocity), 
then to obtain the distribution function of the particles /(R, y, &) at each 
point it is sufficient to give it in Jupiter’s equatorial plane. It is interesting 
to note that for the distribution 


F(€) sin? when [P| > Pumin 


IME, D=] 0 when \oleeas (33.8) 


the particle density along a line of force remains constant only when p = 1 
and Pmin = 0, i.e. for an isotropic velocity distribution. If, however, elec- 
trons predominate in the belt with velocities subtending large angles 
with the magnetic field (i.e. p > 1 or Pin > 0), then the density decreases 
towards the poles.? This result is quite understandable since, in accordance 
with the adiabatic invariant, electrons moving in the plane of the equator 
at an angle @ to Hy cannot penetrate a strong field region, being “reflected” 
backwards along a line of force at the point Ho = Hp sin? @. 

According to Chang and Davis (1962), to achieve the observed degree 
of polarization (9, ~ 20-30%) it must be assumed that the majority 
of the electrons have almost circular orbits ( ~ 2/2). Then in accordance 
with what we have said the density of the emitting particles will decrease 
strongly towards the poles; this will lead (in accordance with experiment) 
to small dimensions of the source in the polar direction. The energy spec- 
trum of the electrons, unlike the distribution with respect to the angles y, 
has a weak effect on the value of the resultant degree of polarization; 
however, the nature of the radio emission’s frequency spectrum is dependent 
On it in the first place. If we assume that f, oc £~”, then the observed emis- 
sion flux is S, x w7, where y’ = (y—1}/2. To judge from the available 
experimental data the spectrum S,(@) is rather sloping and the value of y’ 
apparently lies in the range — 4< y’ <4. It follows from this that the 
probable spectrum of the relativistic electrons (with an exponential approxi- 
mation of the latter) corresponds to a value of y ~ 0-2. 

The question arises in connection with the above of the acceleration 
mechanism of the electrons comprising the radiation belts or of the external 
source supplying the relativistic electrons to Jupiter’s magnetic field. This 
is still an open question at present; there is a preliminary discussion of 
Field (1959). It should be pointed out that it was the difficulties with the 


t The bar on top shows that the quantity relates to the plane of the equator. 
{In the opposite case the density at high latitudes increases. 
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solution of this problem that made Field turn to a non-relativistic model 
although, as we have shown above, it does not meet the facts. This is also 
recognized by Field (1961) (proceeding from different considerations). 

Any further development of the representation of relativistic electrons 
in the Jovian radiation belts as the source of Jupiter’s decimetric radio 
emission is obviously connected with the answer to the question of the 
reasons for the appearance of a large enough number of energetic elec- 
trons in the vicinity of Jupiter on the one hand, and with determining 
the characteristics of these electrons (above all their energy spectrum and 
distribution in space) more accurately on the other. Progress in the solution 
of the last problem is closely connected with obtaining fuller information 
about the frequency spectrum of Jupiter’s continuous radio emission and 
about the radio brightness distribution over the source. 


CONDITIONS OF GENERATION OF SATURN’S RADIO EMISSION 


Jupiter’s radio emission in the decimetric band is generated in radiation 
belts; it is linearly polarized in the plane of the equator with a 20-30% 
degree of polarization. The first polarization measurements of Rose, Bo- 
logna and Sloanaker (1963a and 1969b) also indicated the high degree 
of linear polarization of Saturn’s radio emission. This fact (together with 
the enhanced level of radio emission at 2 ~ 10cm) assumed the observed 
radio emission as well as Jupiter’s to arise from radiation belts of the plan- 
et. Later investigations (e.g. Davies, Beard and Cooper, 1964) did not 
confirm the the occurrence of linear polarization at 4 = 10 cm; the source 
size at these wavelengths appeared to be not more than the optical dia- 
meter of the planet (Berge and Read, 1967). Therefore, at present Saturn’s 
radio emission is believed to be associated with the hot subcloud layers 
of the planet. 

It is necessary to empasize nevertheless that the situation can change at 
longer wavelengths (A ~ 20 cm): it is not impossible that the radiation 
belts become noticeable in this band. However Drake (1962b) has express- 
ed doubt that Saturn’s radiation belts really exist at altitudes of h < 2R,, 
since collisions of energetic charged particles with elements of the ring in 
the plane of the equator lead to rapid escape of these particles from the 
dipole “magnetic trap” and to breakdown of the radiation belts. A way 
out of these difficulties has been indicated by Zlotnik (1967). She has 
drawn attention to the fact that the effect of the magnetic field being 
drawn away by a plasma in the exosphere of Saturn (which was discussed 
previously by Zheleznyakov (1964b and 1964c)) may lead to a deformation 
of the planet’s magnetic field which will make the existence of radiation 
belts possible. The point is that under certain conditions the planet’s 
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magnetic field, which is probably of the nature of a dipole near its surface 
(with the dipole pointing along the axis of rotation), is considerably 
deformed in the region of Saturn’s rings. The lines of magnetic force slope 
considerably towards the plane of the rings (and do not remain at right 
angles to it as at low altitudes) because of the differential rotation of the 
plasma in the planet’s exosphere. This kind of rotation may be connected 
with the plasma being drawn away by particles making up Saturn’s rings. 
This deformation of the magnetic field leads to its strengthening in regions 
close to the equatorial plane: the latter obviously hinders charged particles 
from approaching the rings and from being absorbed in this region. It is 
clear that under these conditions Saturn’s radiation belts may exist in 
“magnetic traps” between the polar and equatorial regions of the planet. 

In order to approach the problem of the effect of Saturn’s rings on the 
exosphere of the planet and in particular to find how realistic this sugges- 
tion is, let us first discuss the following idealized problem. In the plane 

= 0 there is an external force (F = Fé(z) acting on a conducting in- 
compressible medium with a conductivity o and a viscosity 7 (see Fig. 
170). This force, which runs along x, characterizes the action of Saturn’s 
rings on the plasma in the planet’s exosphere. The plasma is in an external 
magnetic field Ho running along z. We are to find the resultant magnetic 
field established when the medium is moved by the force (F. We notice that 
an approximation of the function (F(z) in the form of a 6-function is quite 
natural here since we are interested in changes of the field configuration 
on a scale of the order of the planetary radius, i.e. at intervals far 
greater than the thickness of Saturn’s rings. 

The initial system of magnetohydrodynamic equations is of the form 
(Landau and Lifshitz, 1957, section 51) 


divH=0, divV =0, (33.9) 
ôH ce 
Sr +(VV) H = (Hv) V+ AB, (33.10) 


ofa try) | =-y (o+) tar HV) HMA AE: (33.11) 


The equation div V = 0 is satisfied since the velocity V does not depend 
on x or y (like all the other variables) and has only an x-component. 
It follows from div H = 0 that 


H, = const = Ho. (33.11a) 
Further, the z-component of the equation (33.11) gives p+-H*/8 = const 
and the x-components of the equations (33.10) and (33.11) can be written 
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in the form 
dv, cc d*H, 








Ho as taas P = 0, (33.12) 

d?V, Ho dH, 
ce as Z S == 4, 3.13 
ot at Se = -F@ = -Fig (33.13) 


Solving these equations for the condition that the lines of force of the 
magnetic field are symmetrical relative to the plane z = 0, and the velocity 
V, = 0 when z =+ œ, we obtain (for further detail see Zheleznyakov, 
1964b and 1964c): 

when z > 0 








__20F CF 
is -8 V,= __oF e-e, (33.14) 
B 2Ha 40 
when z < 0 
H, = = Ay. Vig (33.15) 
2HovV no 


The parameter $ pee here is defined by the expression 


H, o 
B= oa yz. (33.16) 


It follows from (33.14), (33.15) that the values of the velocity in the plane 
z = 0 and of the magnetic field’s x-component at infinity are connected 
with each other by the relation 


Hz =~) = ~ Vie V. (z = 0). (33.17) 


Therefore outside the plane of the ring where (F(z) = 0 the velocity of 
the plasma V, decreases exponentially as it moves away from z = 0, 
whilst the field H, rises in absolute magnitude from zero when z = 0, 
approaching the constant value (33.17) exponentially also. The resultant 
configuration of the magnetic field’s lines of force is shown in Fig. 170. 
It follows from it that the magnetic field changes its direction significantly 
only at large enough distances from the plane z = 0, i.e. when |z| 2 1/8. 





Fia. 170. Problem of magnetic field drawn away by plasma 
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We do not know the magnitude of the force F (see, however, the re- 
marks at the end of the section); in the final event F is determined by the 
parameters of the ring (size of the structural elements, their form and num- 
ber) and by the parameters of the gas that is being drawn away. In future 
we shall assume that due to interaction between the plasma and the 
ring the values of the gas velocities V,(z = 0) and of the ring relative to 
the magnetic field are close in order of magnitude (effective attraction). 
The velocity of the ring relative to the field H connected with the planet’s 
solid body is about 7:3 cm/sec on the outer edge of ring A (i.e. at a dis- 
tance of 1-4 10° km from the centre of Saturn) and is close to zero at a 
distance of 1-110°5 km (approximately in the region of Cassini’s slit). 
Closer to the surface of Saturn the relative velocity changes sign, reaching 
values of about 4-75 km/sec on the inner edge of ring B (at a distance of 
9X104 km). It follows from this that if the synchrotron component of 
Saturn’s radio emission exists, it may be generated (from the point of 
view of the hypothesis under consideration) at distances of R ~ 9X 
104-1-4 105 km (in the equatorial direction), for preference in the middle 
of rings A and B, which is the only place where we can expect signifi- 
cant distortion of the planet’s magnetic dipole field. 

It is clear from what has been said that for significant strengthening of 
the magnetic field on both sides of the ring it is sufficient to satisfy two 
conditions simultaneously : (1) for the slope of the magnetic field to become 
maximal at distances from the plane of the ring less than the radius of 
Saturn R, ~ 6X 104 km 


BR = Lai f z Ji: (33.18) 


(2) for the maximum value of H, to be large enough when compared with 
the unperturbed field Ho: 


4nV.(z =0) ,— 

ae: / yo > 1 (33.19) 
(see (33.14)-(33.17)). The first of these conditions becomes comprehensible 
if we bear in mind that any significant effect of the rings on the magnetic 
field will not actually spread a distance from the equatorial plane greater 
than or of the order of the width of the rings (i.e. 2 Ra). 

In a magnetoactive plasma (Saturn’s exosphere) the conductivity o and 
the viscosity y are anisotropic quantities. It is clear why the results (33.18)- 
(33.19), which are strictly speaking obtained for a conducting liquid, can- 
not be transferred directly to the plasma motion across a magnetic field 
of interest to us. Actually the anisotropy of the conductivity should be 
allowed for right from the start; however, for rough estimates for o we 
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use the formula (Pikel’ner, 1961, section 8) 
eN Aa 


-1 
= —— m 7 33.20 
Mvegr ER] ( ) 


This expression characterizes the dissipation in a partially ionized gas 
provided that the current j is orthogonal to the field H. The choice of o 
in the form (33.20) is apparently entirely reasonable for our problem: the 
“sliding” of the magnetic field’s lines of force relative to the plasma is 
connected with dissipative processes, the resultant configuration of the field 
H in the case under discussion, as can be easily understood from the equation 


curl H = am; (33.21) 


is created by currents j orthogonal to H. 

The following notations are used in (33.20): A is a parameter character- 
izing the degree of ionization and is equal to the ratio of the concentration 
of neutral molecules N,, to the total concentration of heavy particles 
N m +N; (N; is the ion concentration), vg is effective frequency of electron 
collisions, equal to v, +” 


em? 





Vei Vem Vim 
Kı = ox Ke = ök 3 K3 = OH,’ (33.22) 
Vei and V,m are the frequency of collisions of an electron with ions and 
molecules respectively, »,,, is the same for ions with molecules, a, = 
eH/mc and wy, = eH/m,c are the gyro-frequencies of the electrons and 
ions. 

In stationary conditions the following expressions are valid for the 
collision frequencies (Ginzburg, 1960b, section 9): 





28N T 

va = ag In (324 va) , (33.23) 
E M ar?PNn, (33.24) 
Yam = Vim = ae mr? V Nm, (33.25) 


where V=1/8xT/am, V;=V 8x /xm,, xr? is the cross-section of the molec- 
ular collision. 

The formula (33.20) for the conductivity can be considerably simplified 
if we remember that Kı >> Ke, Ks >> Ke (see (33.22)-(33.25)) and assume 
that A > 1: 

on 


re + EK Vim —. (33.26) 


eN 1 AN eN Mi 
| | ~ moh "m 
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In the change to the last expression we have borne in mind that for values 
of the magnetic fields that are not too small w,, > »,;, Oy, >> Vim and 
with values of the ratio N,,/N that are not too high the number of electron 
collisions is vg ~ Pa- 

As for the viscosity 7, in a preliminary analysis it can be left the same 
as in an isotropic medium, since the velocity V varies in the direction of 


the magnetic field (for weak perturbations of the field Ho): 


= NXT 


Ymm 


1 (33.27) 


Here we have already assumed that the concentration of molecules is N,, > 
N; in this case the contribution of the ions and electrons to the magni- 
tude of the viscosity is insignificant and the molecules collide largely with 
molecules (number of collisions »,,,,). 

Allowing for the remarks made above on the conductivity and viscosity 
of the plasma in Saturn’s exosphere the necessary conditions for significant 
deformation of the magnetic field (33.18), (33.19) will become: 


NN», > — =, 33.28 
y 644/ zr? Ry ( ) 
Hè < 4nV,(z = 0) muxTNNn - (33.29) 


Putting in Saturn’s exosphere, which apparently consists chiefly of hydro- 
gen,t nr? ~ 22X107 cm? (Von Engel, 1955), m; = 3:3X10-*4 g, 
T ~ 104°K, we obtain (with V,(z = 0) ~ 5X105 cm/sec and Ry ~ 
6X 10° cm) that 


/ NNm >> 6:3 104 cm-3, (33.30) 
Hè < 1:3X10-44/NN,, oe. (33.31) 


For example, in the case of N/N,, ~ 0-1 the criterion (33.30) will be 
satisfied if N >> 2104 electrons/cm*, N,, >> 2105 particles/cm?. Re- 
quirements of this kind on the value of Nand N_, at distances of about half 
to one radius of the planet from its surface are rather rigid. It is possible, 
however, that the gaseous component of Saturn’s rings makes a significant 
contribution to the enhanced values of N and N,,. 


+ Here the estimates are made for molecular hydrogen. However, the position is not 
significantly altered if we consider that the hydrogen is not in a molecular (H,) but in an 
atomic (H) state. 
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We notice that the inequality (33.30) does not have to be very strong: 
for distortion of the magnetic field in most of the region.|z|<-Rp it is 
quite sufficient for the value of +/NN,, to be about four times greater than 
63104 cm~, coming to around 2:5X 105 cm~*. Then from (33.31) we 
obtain the following limitation on the value of the magnetic field in the 
equatorial plane of Saturn at altitudes of n ~ Rp: 


Ho < 2X10-3 oe. (33.32) 


At the poles this corresponds to a field strength of less than approximately 
3X107? oe. On the other hand, the field Ho should not be too small either 
(let us say, fall to the interplanetary level or less);+ in the opposite case 
it cannot act as a “trap” which will effectively retain the emitting rela- 
tivistic electrons making up the radiation belts. 

Furthermore, we must find the value of the force acting from the ring’s 
structural elements on the surrounding gas. This allows us using a for- 
mula of the type 


cF 


2HoV no 


which follows from (33.14)-(33.15) to judge the extent to which the plasma 
is drawn out by the ring, which above was simply postulated. On the other 
hand, in the case of experimental confirmation of this configuration of the 
magnetic field the solution of the second problem will make it possible to. 
judge such parameters of Saturn’s ring as the number and size of the 
particles comprising it. 

We shall now make a few remarks about the magnitude of the force F. 
Its precise calculation is complicated; as a guide, however, we can adduce 
the often used formula 


Vz = 0) = (33.33) 


f = nrèoV2, (33.34) 


in which I is the resistance force during the motion of a body with a cross- 
section rg in a gas at a velocity Vo (e ~ m,N,, is the density of this gas). 
If we denote the number of particles in a ring in a unit volume by No, 
then obviously 


F ~ fNoa (33.35) 
(a is the thickness of Saturn’s rings). 


+ In the Earth’s orbit the interplanetary magnetic field is of the order of 10-2 oe 
In the vicinity of Saturn, which is at a distance 9-5 times further from the Sun, this field 
is undoubtedly far weaker. 
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: -At the same time it follows from (33.33) that for the medium to be 
drawn away by the ring at a velocity V,(z = 0) we need a force 


F= An Vv 17 vy (2 =0), (33.36) 


which satisfies the inequality 
H 


F= (33.37) 


(see (33.19)). In accordance with (33.32) Ho < 210-3 oe. For the sake 
of definition making the magnetic field in the region of the ring 10-3 oe, 
we obtain that the value of F should exceed 1-6 10-7? dyne/cm. It follows 
from (33.34), (33.35) that values of this kind for F will be reached if 
Nor? > 3X 10-7? (with N,, ~ 10° cm™?, m; = 3-3X10-% g, a ring thick- 
ness of a ~ 5 10® cm and a “sliding” velocity of the gas relative to the 
ring’s particles of Vo ~ 10° cm/sec). 

Unfortunately there are no certain data at present on the concentration 
and size of the structural elements of Saturn’s rings. We have available 
only approximate information obtained on the basis of the photometric 
theory of Saturn’s rings (Bobrov, 1951, 1952, 1954, 1956); according to 
this information the mean values are ro ~ 50 cm and No ~ 2X 
10-*cm73. The factor Nor} will then be of the order of 5X 10-5; this is 
quite sufficient for effective attraction of a gas with N,, ~ 106 cm~? by the 
ring (compare with the estimate of N r? > 31077 obtained above). 


34. Sources of Venus’s Radio Emission 


At present the investigation of Venus’s radio emission, as well as radar 
experiments, is rightly looked upon as one of the basic sources of informa- 
tion about this planet. This situation is rapidly changing, as these methods 
begin to yield pride of place to active study of Venus by systematic flights 
past the planet at close ranges, landing containers of scientific apparatus 
on the surface, etc. 

The theory of the radio emission of Venus should connect its features 
with the physical conditions in the planet’s outer layers (in the atmosphere 
and on its surface). This problem is very complex and still far from satis- 
factory solution, above all because of the limited extent of our knowledge 
of the nature of Venus obtained by optical and infrared observations. 

The main point in the theory of Venus’s radio emission is the question 
of the localization of the layers which are responsible for the creation of 
the observed radio emission. 
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When speaking of radio emission from Venus we note first of all that 
it cannot be connected with the planet’s radiation belts. This is indicated 
both by the non-polarized nature of the emission and by the closeness of 
the planet’s radio diameter to its optical diameter (see section 20). 

If the radiation belts are not the source of the observed radio emission 
the latter can be generated only by the ionosphere, the lower atmosphere 
and the planet’s surface. In this case the radio emission is undoubtedly 
thermal; the values of the effective temperature 7, ~ 660°K observed 
at A ~ 1-5-40 cm then indicate the presence on the planet of regions heated 
to a temperature of not less than 600°K, i.e. far more strongly than follows 
from infrared observations of the cloud layer. 

For interpreting the frequency spectrum of the Cytherean radio emission 
(Tego ~ 350°K at millimetric wavelengths and T.g¢9 ~ 600°K in the 
centimetric-decimetric band; see Fig. 102) basically two models are sug- 
gested, which are generally called the “ionospheric” model and the “hot” 
surface model. In the first of them it is assumed that the comparatively 
“cold” (T ~ 350°K) surface of the planet and the layer of the atmosphere 
adjacent to it create millimetric radio emission, whilst the “hotter” iono- 
sphere (T ~ 600°K) provides the enhanced values of T.,9 at the longer 
wavelengths. In the second model the source of the centimetric—decimetric 
radio emission is the “hot” (T ~ 600°K) surface, whilst the “colder” 
layers (T ~ 350°K) of the dense atmosphere generate the radio emission 
at millimetric wavelengths. We shall speak later about certain other 
attempts to explain Venus’s radio emission.f 


THE “IONOSPHERIC” MODEL 


A preliminary discussion of the “ionospheric” model by Zheleznyakov 
(1959a) showed that it can explain the observed frequency spectrum only 
with very high values of the electron concentration in Venus’s atmosphere. 
This gave foundation for concluding that this kind of model is improbable. 
Subsequently the ionospheric model was investigated in a number of 
papers (Jones, 1961; Sagan, Siegel and Jones, 1961; Verozub, 1962; Dani- 
lov and Yatsenko, 1962 and 1963; Kuz’min, 1963) starting with Jones’s 
paper (1961); the authors’ basic efforts were directed at choosing the iono- 
sphere’s parameters so as to achieve agreement with the data of the radio 
observations and to finding the reasons for the upper atmosphere’s high 
degree of ionization. The “hot” surface model was been investigated by 
Sagan (1960), Öpik (1961) and Barrett (1960 and 1961). The latter calculat- 


+ The radio emission of Venus is not, of course, connected with the visible layer of 
clouds, since T.4,9 at radio wavelengths is higher than the temperature of this layer 
(235°K). 
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ed the expected ratio emission with a given atmospheric composition and 
density and also with a definite temperature distribution on the surface of 
Venus, whilst the two former chiefly studied the reasons for the high tem- 
perature of the planet’s surface. A comparative analysis of the two models 
has been carried out by Kellogg and Sagan (1961). 

In the framework of the “ionospheric” model the effective radio 
emission temperature ist 


Teg = T,(1— R2)e-* + TK —e-*9) (34.1) 


where T,:and T, are the temperatures of the surface and the ionosphere 
respectively, R? is the coefficient of reflection of radio waves from the 
planet’s surface, z; is the optical thickness of the ionosphere. The latter is 
equal to fii: dl where the absorption coefficient in the plasma because 
of collisions is 





x w$ Yer ins -a Nver 
bya Se ~ 27K 10-9 (34.2) 
(when n,a ~l; see (26.74). 
It follows from (34.1) that with t; > 1 
Bot =, Te ~ Tn (34.3) 
whilst with.t, << 1 : 
z Ter ~ T{1—R). (34.4) 


Since the optical thickness of the ionosphere, in accordance with (34.2), 
decreases as the frequency f rises, the case (34.3) occurs at the longer wave- 
lengths and the case (34.4) at the shorter ones. It is clear from this that the 
function T.,(4) described by the formula (34.1) will correspond to the 
observed frequency spectrum T,(A) if on Venust 


T,(1— R) ~ 350°K, T, =~ 600°K, (34.5) 


and the characteristic wavelength 4* for which the optical thickness of the 
ionosphere is t, = 1 is about 1-3 cm. 

From the last condition it is easy to find the measure fu dl of the emis- 
sion of the Cytherean ionosphere and estimate the necessary electron con- 
centration N. Considering that on Venus, as in the Earth’s ionosphere, the 


+ On the subject of this formula see section 26, in particular the expression (26.18). 
The factor‘! —:R? in (34.1) allows for the fact that part of the radio emission does not 
escape through the surface into the atmosphere but is reflected back. 
`. of Therefore the actual temperature of the surface in the “ionospheric” model differs 
‘slightly (on the high side) from the values of -F,, in the millimetric waveband because of 
the difference from zero of the reflection coefficient R?. 
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effective number of collisions »., is largely determined by the collisions 
of electrons with ions and not with neutral molecules, we have: 


5-5N T, 
ver ~ va = Fare ln (220 ma (34.6) 


(see (26.78)). Then, remembering (34.2), (34.6), we obtain: 


T}? 


[ma 6X 10% Gyr in ODOT IN 5) In Q20T iN =38) 


(34.7) 


(the slowly varying logarithmic function is removed from the integrand 
here). Putting T, ~ 600°K, 4* ~ 1:3 cm and taking in the logarithm 
N ~ 10° electrons/cm* we find: 


f N? di ~ 106 electron? /cm5. (34.8) 


When the thickness of the ionospheric layer is 2-510? cm this gives 
a value for the electron concentration of N ~ 210° electrons/cm*, which 
is three orders higher than the concentration at the F-layer maximum 
on Earth and one order greater than the value of N at the basis of the mini- 
mum form of the solar corona! 

As we know, for a simple ionospheric layer the electron concentration 


at the layer’s maximum is 
f J 
Nmax = ry 
Sef 


where J is the number of electrons appearing in a unit volume in unit time 
because of the action of ionizing factors, a ¢ is the effective recombination 
coefficient. Under terrestrial conditions the basic factor causing ionization 
of the upper atmosphere is the ultraviolet and X-ray part of the solar 
spectrum. There is no reason to assume that the ionizing ability of the 
Sun’s rays on Venus is essentially differentt from the value of J on Earth 
which from various estimates is 25-2000 (AI’ pert, 1960; section 7). There- 
fore maintenance of the value of N aax in the ionosphere of Venus at a level 
of 2X 10° electrons/cm* by solar radiation is possible only provided that 
ææ ~ 10718-10715 cm3/sec. In section 32, however, we have already said 
that such values of a, are absolutely unrealistic: in actual fact æ. never 
drops lower than 10-12? cm3/sec (the value for radiation recombination), 
generally being noticeably greater than this value. For example, in the 





t The fact that Venus is closer to the Sun leads to an increase in J by a factor of 
only 2. 
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Earth’s ionosphere æ ~ 5X1077-3XxX1071? cm?/sec depending on alti- 
tude (Al’pert, 1960, section 7).t 

It is clear from what we have said that the presence on Venus of a large 
enough ionosphere for interpreting the data on the radio emission of this 
planet is possible only if there is an ionization source there many orders 
more efficient than the solar radiation. With a, ~ 10712? cm/sec the 
value of J on Venus should be three to six orders greater than its terrestrial 
value, and for a more realistic recombination coefficient close to the a¢ 
in the Earth’s ionosphere five to eleven orders greater! 

Jones (1961) examined solar corpuscular streams as the possible ionizing 
agent of the upper atmosphere of Venus. On Earth these streams largely 
do not reach the ionosphere because of the screening action of the geo- 
magnetic field (the high-latitude regions—the auroral zones—are an excep- 
tion in this respect). It is possible that there is no such screening on Venus 
because of the low strength of its magnetic field. 

If all the energy of the stream of particles (protons) is expended on ion- 
izing the upper atmosphere of Venus, then the production J of electrons 
will obviously be close to £N,V,/e,L, where & is the energy of one particle 
invading the ionosphere, V, is the velocity of this particle, N, is the con- 
centration of the corpuscular stream, L is the thickness of the ionospheric 
layer being formed, g; is the energy expended in one act of ionization. Put- 
ting N ~ 10? electrons/cm?, V, ~ 108 cm/sec, & ~ 103 eV (see section 17), 
& ~ 15 eV, L ~ 2X10 cm, we obtain J ~ 3X 105 electrons/cm! sec. It is 
clear from this that a corpuscular agent can sustain an ionosphere of the 
required concentration if ~p ~ 10715. There is still one order missing for 
the minimum value œ.œ ~ 107! cm3/sec, but with a certain stretching of 
the imagination this source of ionization can be considered sufficient. 

The position, however, becomes worse if, on the one hand, we take more 
probable values of x, and, on the other, allow for the fact that corpuscular 


t In the opinion of Danilov and Yatsenko (1963) the three order difference between 
the concentrations N in the ionospheres of Venus and Earth may be connected with 
different values of æ. on these planets with an ionizing capacity J more or less the same. 
It is clear from the relation Naa = V J/&en that the recombination coefficients should 
differ by six orders for this. With a. ~ 10717 cm3/sec in the Cytherean ionosphere 
this will happen if in the Earth’s ionosphere äer ~ 107° cm®/sec, which is close to the 
lower limit of 5X107? cm/sec given above and the value of «4 for dissociative recom- 
bination (~ 1077 cm®/sec). However, in the region of the F-layer on Earth, which plays 
a major part in the absorption (and therefore the emission) of radio waves, the recom- 
bination coefficient is far less: it does not exceed 3 x10719 —7X 107° cm3/sec (Alpert, 
1962, section 7), so this explanation of the high values of Nmax on Venus is unconvinc- 
ing. 

ł This is the more necessary since the ionizing action of the solar radiation 
ceases on the night side of Venus to which the available data on the planet’s radio 
emission largely relate. 
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streams with N, ~ 10° electrons/cm? are to a certain extent an exceptional 
phenomenon: streams of this kind, as a rule, appear on the Sun only during 
large chromospheric flares and the types II-IV events in the radio band 
accompanying them (see section 17). Therefore the corpuscular streams. 
can sustain an enhanced concentration in the ionosphere of Venus only 
sporadically and for a comparatively short time, whilst the Sun’s perma- 
nent corpuscular emission (the so-called “solar wind”) with N, < 10 
electrons/cm? can provide ionization only at a level definitely not greater 
than N,., < 5X10? electrons/cm? (with eq ~ 1071? cm3/sec).t 

Additional difficulties arise if we try to explain the results of radar 
experiments (Muhleman, 1961; Victor, 1961; Maling and Golomb, 1961; 
Kotel’nikov et al., 1962; Pettengill et al., 1962) at A = 12-68 cm in the 
framework of the ionospheric model. We have shown above that to inter- 
pret the “bend” in the frequency spectrum of the radio emission of Venus 
at A ~ 1:3 cm we must assume that the optical thickness of the ionosphere 
q; at these wavelengths is equal to unity. By taking into consideration the 
function 1; oc A?, we can see that at decimetric wavelengths in the radar 
sounding of Venus the coefficient of reflection decreases because of twofold 
attenuation in the ionosphere to values of less than e—** ~ e7200, This. 
sharply contradicts the radar data, according to which the effective coeffi- 
cient of reflection from Venus is about 0-1. 

In order to match up the results of observations of the radio emission: 
of Venus and its radar observations on the basis of the ionospheric model 
we must assume (Kellogg and Sagan, 1961) that the ionosphere is not. 
continuous: approximately 0-1 of the night-time surface of the planet from 
which at present reflected signals have been obtained? is covered with an 
ionosphere which is transparent for decimetric waves because of the lower 
electron concentration (by a factor of 10-50 when compared with the value: 
of 210° electrons/cm? given above). How can this gap be formed? It 
obviously appears if the action of the ionizing agent on the night side of 
Venus ceases or significantly weakens, whilst the concentration of 2 10° 
electrons/cm? on 0-9 of the unilluminated surface is created by the appear- 
ance of ionized particles from the daytime side of the planet. 

+ However, even in a period of intense corpuscular streams Nmax in the ionosphere of 
Venus does not apparently rise to a level sufficient to have a noticeable effect on Ten ¢. 
In the opposite case the radio emission received would be subject to considerable non- 
systematic variations which are not observed in reality (at A S 10 cm; it is hard to say 
anything definite at the longer wavelengths because of the small number of observa- 
tions). We notice that the maximum concentration in the Cytherean ionosphere can be 
judged from the minimum length of the wave at which variations of T..;9 unconnected 
with the phase variation will be fixed. 


t This is connected with the fact that radar probing of Venus is generally carried 
out at a period near interior conjunction when the planet approaches the Earth. 
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The movement of the ionospheric particles may be connected with an 
ionospheric wind or diffusion. In the first case for movement of the part- 
icles a distance of the order of the radius of Venus Ro ~ 6X 10° cm a time 
of about 6X 104 sec is required (with a wind velocity of ~ 104 cm/sec, i.e. 
the same as in the Earth’s ionosphere see Al’pert, 1960, Chapter I)). For 
the electrons and ions really to fill most of the night side of Venus the 
characteristic recombination time t.¢ = l/æ.œN should not be less than 
6X 104 sec. When N = 2X10® electrons/cm? this, however, leads to an 
inadmissibly small recombination coefficient ~~ < 10714 cm?/sec. Even 
less optimistic estimates are obtained for a, if the drift of the ionized 
particles proceeds by ambipolar diffusion. In this case the time to drift 
a distance Ro is RG/6D,, where the diffusion coefficient is D, ~ Vi,,/¥im 
{V n, is the thermal velocity of the ions, »,,, is the number of collisions 
of ions with neutral molecules). Taking by analogy with the Earth D, ~ 
10° cm/sec, we obtain that æ, < 107!” cm3/sec. 

Kuz’min (1963) suggests that the ionized layer is located in the lower 
atmosphere of Venus where there are high values of the effective number 
of collisions »,_ (because of collisions of electrons with neutral molecules). 
This made it possible to reduce the necessary values of N to (4-8) x 10° 
electrons/cm?. However, the possibility of the appearance of such values 
of N in the lower atmosphere of Venus is very doubtful. The ionizing part 
of the solar radiation does not penetrate to these layers; the sources of 
ionization suggested by Kuz’min (1963)—cosmic rays, radioactivity of the 
planet’s atmosphere and surface—have little effect. In any case, on the 
Earth at altitudes of 12-15 km where the basic absorption of cosmic rays 
occurs the electron concentration does not exceed 31073 electrons/cm, 
which is nine orders less than that on Venus. This estimate is easy to obtain 
if we remember that the flux of primary cosmic rays in the Earth’s orbit is 
about 1 particle/cm3 with a mean energy of 2X 10° eV per nucleon. When 
the thickness of the region of effective ionization is L ~ 10° cm and the 
energy expended in one act of ionization is | = 15 eV we obtain that 
the production of electrons by cosmic rays is J ~ 10? electrons/cm3 sec. 
Since at these altitudes the electrons live for only ~ 3X10°5 sec, after 
which they become attached to molecules forming negative ions, the elec- 
tron concentration is altogether only N ~ 3X1075X10? ~ 3x107? elec- 
trons/cm*. The radioactivity of the Earth’s atmosphere and surface does 
not produce any more electrons. Since there is no reason to assume that 
the stream of particles in the cosmic rays near Venus and the radioactivity 
of this planet are many orders greater than the corresponding values for 
the Earth, we arrive at the conclusion that the variant of the “ionospheric” 
model developed by Kuz’min (1963) is improbable. 
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Tue “Hor” SURFACE MODEL 


The serious difficulties with the “ionospheric” model force us to pay 
particular attention to the “hot” surface model, which is more probable in 
terms of radio astronomy, as we shall see. Results obtained by the space- 
probe “Venus—4” allow us to make a definite choice in favour of this 
model. In it we can use for the effective radio emission temperature (in a 
rough approximation) the formula 


Tex = T(1— Re~*+T(1—e-*), (34.9) 


similar to (34.1), the only difference being that instead of T, and 7; there 
figure T, and r,—the temperature and optical thickness of the lower atmos- 
phere respectively. In (34.9) the atmosphere is assumed to be isothermal 
(T, = const); actually, however, T, = T,(h), the value of the temperature 
decreasing with altitude k from a value of T, = T, 2 600°K when k = 0 
to a value of T, = 235°K in the upper layer of clouds. Therefore for a 
detailed calculation of the spectrum T,,_(4) we should use an expression 
of the type of (26.17) instead of the formula (34.9). Unlike the “ionospher- 
ic” model, in the case under discussion the basic absorption of the radio 
emission from the planet’s surface proceeds in the lower atmosphere and 
not in the ionosphere. Since the molecular absorption or the absorption 
in aerosols can be significant only at wavelengths of 2 < 1 cm, it is clear 
from the approximate formula (34.9) that the effective temperature of the 
radio emission of Venus in the centimetric-decimetric band is determined 
by the temperature of the surface (x, « 1)t 


Te ~ T(1— R3. (34.10) 


With Tig = Tagg ~ 600°K this requires temperatures of T, ~ 670°K on 
the surface (this figure is given without allowing for the phase dependence 
of T., and on the assumption that the coefficient of reflection is R? ~ 0-1, 
i.e. close to the values of R? determined in the radar measurements). The 
decrease in T,g9 to 350°K on the transition to millimetric wavelengths 
will be ensured provided that the optical thickness of the atmosphere here 
reaches values of z, 2 1. 

Before discussing the reasons for the existence of high temperatures 
on the surface and for large optical thicknesses of the planet’s atmosphere 
we shall give the results of calculating the radio emission frequency spectrum 


t Troitskii (1964) has drawn attention to the fact that the transparency of atmosphere 
of Venus at centimetric wavelengths allows us to use when analysing the observational 
data about the phase dependence of Ten at A ~ 3 cm the theory developed for the 
Moon’s radio emission (see section 33). This theory can be applied to Mars and Mercury 
with even greater correctness. 
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of Venus obtained by Barrett (1960 and 1961) on the basis of the “hot” 
surface model (with concrete assumptions about the composition, density 
and thermal régime of the planet’s atmosphere). He proceeded from the 
following chemical composition of the atmosphere: 75°%% COs, 22-25% 
Ne and 0-3% H20. In order to obtain agreement with the observed value of 
T.¢¢ in the centimetric-decimetric band the surface temperature was con- 
sidered to be 580°K. In the atmosphere the temperature, by assumption, 
decreases adiabatically with altitude (with a gradient dT/dh = —9 degrees/ 
km)t right to the level k = 33 km at which T = 285°K. We notice that 
this value of T corresponds to the rotational temperature of carbon dioxide 
in the ranges A = 7820 A and å = 8689 A characterizing the inner parts 
of the cloud layer. Higher, the atmosphere was considered to be isothermal. 

In the model used the atmospheric absorption is caused by water and 
carbon dioxide vapour; the effect of aerosols is not taken into account. 
We have spoken about absorption in water vapour in section 7; it is con- 
nected chiefly with rotational transitions of H20 molecules having an electri- 
cal dipole moment at A = 1:34 cm and A = 0:16 cm. The CO% molecule is a 
symmetrical linear molecule without any constant dipole moment; because 
of collisions with other molecules, however, a dipole moment is induced 
in it which ensures non-resonance absorption in the radio band. The 
corresponding absorption coefficient is 





272 
uco, © ae (1+0378 aa) cm-}, 
where the partial pressures pco, Py, are expressed in dyne/cm?. 

In accordance with the remarks made above the radio emission’s fre- 
quency spectrum was calculated by formulae of the (26.17) type; the results 
of calculating the function T.¢9 (A) for different pressures at the surface 
of Venus are shown in Figs. 171 and 172. 

It is clear from these figures that the experimental data are best satisfied 
by a model with a pressure at the base of the atmosphere of po ~= 20- 
30 atm. We notice that with po ~ 30 atm the pressure in the cloud layer is 
1-1 atm, which agrees with the upper limit of 1 atm found by Herzberg 
(1952) by investigating broadening of the CO; lines. The value po ~ 30 atm, 
however, contradicts the data on the CO% content above the cloud layer 


+ The adiabatic gradient dT/dk = —g/c, (g is the acceleration due to gravity, c, is 
the thermal capacity of a unit mass of gas at constant pressure) gives a temperature 
equal to the temperature of the surrounding gas to a volume of gas that rises upwards 
and at the same time cools adiabatically. This is the maximum temperature gradient in 
a stable atmosphere; convection begins at high value of |dT/dh| (Landau and Lifshitz, 
1953, section 4). 
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(0-1-1 km of reduced atmosphere) since it requires an abundance of CO, 
for about 5 km of reduced atmosphere. From this point of view a pressure 
of po ~ 10 atm is more acceptable since for the chosen atmospheric 
composition it leads to a carbon dioxide thickness of only 1-7 km.t 
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Fic. 171. Theoretical frequency spectrum for Venus’s radio emission for the 

model of an atmosphere consisting of 75% CO4, 24% N, and 1% H30 (pe is 

the gas pressure at the planet’s surface) (Barrett, 1960 and 1961). The 

figure also shows the results of the measurements of Ten ọ transferred from 
Fig. 102a 
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Fic. 172. The same as Fig. 171, but for an atmosphere without water: 75% 
CO, and 25% N, (Barrett, 1960 and 1761). 


t Barrett’s calculations become incorrect with pressures of tens of atmospheres: the 
formulae he used for the coefficient of molecular absorption are, strictly speaking, valid 
only for a lower density of gas. 
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Furthermore, in an atmosphere with a 1% water content clear-cut 
absorption lines should be observed at A = 1:34 cm and A = 0-16 cm; the 
values of T,gẹ in the centre of the line in this case drop to about 300°K. 
Since the recent observations of Gibson and Corbett (1963) at A = 1-35 cm 
have shown that 7.49 is considerably higher here (520+40°K) it follows 
from this that the water content of the Cytherean atmosphere is far less 
than 1%. This agrees with Strong’s data (see Gordon, 1954); he reported 
that the water vapour content above the clouds is 2-4 cm of reduced atmos- 
phere (i.e. 24X 10-2 2-4 x 1073% in relation to the amount of CO»). 

Therefore the “hot” surface model can in all probability explain the 
observed frequency spectrum with the appropriate choice of composition, 
density and temperature distribution in the atmosphere of Venus that in 
general outline agrees with the data on the Cytherean atmosphere ob- 
tained by the space-probe “Venus-4”. It is not impossible that the agreement 
will improve if we allow for the contribution of aerosols to the value of 
the atmosphere’s optical thickness T, 

The next question that must be answered to put this model on a solid 
foundation relates to the reasons for the high temperature of Venus’s 
surface. 

In the opinion of Sagan (1960) the temperature T, ~ 600°K is maintained 
by a “greenhouse effect”; the atmosphere of Venus is transparent to 
solar rays in the optical and near infrared parts of the spectrum which 
heat up the surface; at the same time the atmosphere holds back the long- 
wave infra-red emission of the surface, thus preventing its intense cooling 
by radiation.t According to the estimates of Sagan (1960) the degree of 
absorption of long-wave infrared rays necessary to heat the surface to 
600°K is achieved (in an atmosphere with a high carbon dioxide content) 
if the HO content at the base of the atmosphere is 1-10 g/cm?. This 
amount of water vapour does not greatly contradict the known data on the 
HzO content above the cloud layer, although the question as a whole 
is unclear (see in this connection Opik’s criticism of the “greenhouse theory” 
(Öpik, 1961), and also the data given in section 20 on the value of T.,¢ at 
A = 1-35 cm, which indicate the absence of an intense H,O absorption 
line in the spectrum of Venus’s radio emission).+ 

Opik has suggested another explanation for the high values of Venus’s 
surface temperature based on the so-called “aeolospheric” model of the 


t+ What is generally understood by the “greenhouse effect” has nothing in common 
with the actual rise in temperature in greenhouses, where it generally occurs because of 
the limited escape of hot air from the earth due to the glass cover. 

{ The question of the possibility of finding water in the atmosphere of Venus by 
radio methods has been discussed by Salomonovich (1964). 
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planet’s atmosphere. Here it is assumed that the lower layers of the atmos- 
phere are in a state of continuous mixing because of the action of winds 
blowing above the clouds. Because of the high dust content of the lower 
atmosphere the Sun’s rays do not reach the planet’s surface and are there- 
fore not the direct source of the planet’s heating; in the aeolospheric model 
this source is the winds which because of the viscosity of the gas generate 
a certain amount of heat near the surface which makes up for the radiation 
losses. These losses are small since the concentration of the dust component 
is assumed to be so high that the atmosphere becomes opaque at wave- 
lengths of less than 1-3 cm. 

The development of the aeolospheric model is not yet complete and 
at present it is hard to judge which of the models (aeolospheric or green- 
house) should be preferred. However, whatever the cause of the heating, 
the actual fact of the high surface temperature, which follows quite defi- 
nitely both from theoretical considerations and from experimental data 
on the radio emission of Venus (see below), indicates that the planet’s 
surface is an incandescent, badly illuminated stony desert; there is no water 
there in a liquid state and therefore no life in the biochemical forms which 
are known on Earth. 

The conclusion drawn above in favour of the “hot” surface model and 
against the “ionospheric” model can be checked experimentally by radio- 
astronomy methods. According to the “ionospheric” model the optical 
thickness of the ionosphere is t; ~ 1 at wavelengths of 2 ~ 1-5 cm and 
decreases at shorter wavelengths. Therefore at wavelengths of à ~ 1-2 cm 
we should expect an increase in brightness towards the edge of Venus’s: 
disk because of the rise in z; at the periphery, and therefore also an increase 
in the part played by the “hot” ionosphere (because of the great extent of 
the ionized layer along the line of sight on the edge of the disk; for further 
detail on effects of this kind under solar conditions see section 28). On 
the other hand, in a “hot” surface model with a negative temperature 
gradient in the atmosphere there should not be “brightening” but “dark-. 
ening” towards the limb of Venus, since the rise in t; as we move away 
from the centre of the disk will lead to a decrease in the contribution from 
the hot surface to the observed radio emission (Kellogg and Sagan, 1961). 
At longer wavelengths the position becomes uncertain. In the ionospheric 
model when 4 > 2cm the optical thickness z; is noticeably greater than 
unity and all the radio emission both from the centre of the disk and from 
the periphery is created by the ionosphere. In this case brightening obviously 
occurs if the ionosphere’s temperature T, rises with altitude (as on Earth); 
otherwise there is darkening towards the edge of the disk. In the “hot” sur- 
face model at A > 2 cm the radio emission comes from the planet’s surface; 
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the distribution of Tg over the disk will be characterized by a certain 
darkening towards the edge for the same reasons as on the Moon (a rise in 
the surface coefficient of reflection with inclined incidence of the radio 
‘waves; see section 35). 

The experiments made to investigate the radio brightness distribution 
over the disk of Venus, of which we spoke in section 20, indicate a fall in 
Tq towards the edge of the disk at 4 = 1-9 cm (measurements by the 
“Mariner II” space probe given by Barrett and Lilley (1963) and 4 = 3 cm 
(terrestrial observations by Korol’kov et al. (1963)). To judge from the 
results at A = 1-9 cm preference should be given to the “hot” surface 
model; however, further experiments were necessary to choose defi- 
nitely between the two models discussed. The final choice of model, in 
favour of the “hot” surface model, was made after the “Venus—4” flight. 

Apart from the two basic models discussed above other possible ways 
have also been suggested latterly for explaining the high values of T.¢o9 at 
centimetric and decimetric wavelengths. Scarf (1963) considers that the 
radio emission of Venus may be generated by the excitation of plasma waves 
in the ionosphere by a stream of particles (the solar wind). This hypothesis is 
quite unrealistic since the frequencies of these waves w ~ w, = (4e2N/m)"” 
will correspond to the centimetric waveband only with concentrations 
of N ~ 10! electrons/cm3! However, densities of N ~ 2X 10° electrons/ 
cm? are sufficient for interpreting the radio emission of Venus as thermal 
emission of the ionosphere (see p. 641). Tolbert and Straiton (1962) have 
put forward a hypothesis according to which the generation of the centi- 
metric and decimetric radio emission of Venus occurs in electrical micro- 
discharges between particles suspended in the planet’s atmosphere (for 
example, drops of water, etc). After recent developments these two 
hypotheses are only of historic interest. 


35. Theory of the Moon’s Radio Emission 


BASIC RELATIONS 


The theory of the Moon’s radio emission connects the observed charac- 
teristics of this emission with the parameters of the surface layers of the 
Earth’s satellite, namely: the thermal conditions of its surface, the thermal 
conductivity, the electrical conductivity and the dielectric permeability. 
Knowing these parameters allows us to make definite judgements on the 
composition and structure of the lunar rocks, and also on the heating 
conditions of the layers which are responsible for creating the radio emis- 
sion being investigated. 
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If in the direction y, Ẹ, where y, € are the selenographic longitude and 
latitude, the temperature distribution in depth is characterized by a func- 
tion T(y,) then in accordance with (26.17b) the effective temperature of the 
radio emission coming from inside to the lunar surface at an angle g’ to 
its normal will be 


Tes = f TO)e™ dr, 
0 


Here the optical thickness is t = t(y); if the absorption coefficient does 
not wary vith the depth y, then 


T= yu sec g’. 
The quantity u when 


E > —— 
w 


(e and ø are the dielectric permeability and the electrical conductivity of 
the lunar substance at a frequency w) is characterized by the relation 


a (35.1) 





pe ee 


Because of reflection from the Moon’s surface of a part R? of the radio 
emission the effective temperature of an element of the lunar surface is 


Ter = (1— R?) f T(y)e~ #8 u sec gp’ dy. (35.2) 
0 


It follows from the law of refraction (22.28) that this will be the kind of 
temperature of radio emission leaving at an angle ọ which is connected 


with g’ by the relation 
— sin? 
vo EE (35.3) 
ye 
The factor 1— R? obviously depends on the orientation of the electrical 
vector of the radio waves emitted by a given-sector of the lunar surface. 


For a linearly polarized component, in which the vector E makes an angle 
@ with the wave’s plane of incidence on the Moon’s surface, 


cos gy’ = 


1— R? = (1— R2) cos? Ø+ (1 — R?) sin? ®. (35.4) 


Here RZ and Rj, are the coefficients of reflection for vertical and horizontal 
polarization. According to Fresnel’s reflection formulae 





e cos p— y e~ sin? p cos p— V e~ sin? p 
R, = R, = —— 


——,' =———, (35.5 
e cos p+ ye- sin? p cos p+ 4 e— sin? p CA 
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For emission coming to us from the central part of the lunar disk » = 0 
adn R? = RÈ, where 
ae 1—-Ve 


For a radio emission component polarized in a plane parallel to the 
plane of the central lunar meridian and coming from areas located sym- 
metrically to the lunar equator (their coordinates being y, E and y, —&) 
the factor 1— R? will be respectively 


(1 — R2) cos? ® + (1 — RẸ) sin? ®, (35.7) 
(1— R?) sin? © + (1 — RF) cos? Ò. (35.7a) 


This is not hard to follow if we remember that the angles ® for these ele- 
ments of the lunar surface differ by 2/2. The coefficients R? and R? for 
these areas will be the same if we neglect the differences in the value of € 
for the “maria” and the “continents”. To judge from the data of radio ob- 
servations (see section 21) these differences are in actual fact insignificant. Let 
now an aerial be oriented towards the Moon so that it receives only emission 
with the above polarization and with equal efficiency from these areas. 
Then, provided that the radio emission approaching the lunar matter- 
vacuum interface has the same effective temperature, the total intensity 
of the emission from the elements with the coordinates y, E and y, —& 
will be proportional to half the sum of (35.7), (35.7a), i.e. as the effective 
coefficient of reflection from the two areas we can take the quantity 


Rig = $ (R3+RD. (35.8) 


Continuing the discussion of the formula (35.2) we notice that Tig(y, § 
t), ie. the radio brightness distribution over the lunar disk and the phase 
dependence of the effective temperature, can be found if we know the 
temperature distribution T(y, y, £, t). The latter (in the case when there are 
no internal sources of heat on the Moon) can be determined unambigu- 
ously from a given temperature distribution of the lunar surface 7(0, y, 
€,t) which in principle can be found from observations in the infrared 
part of the spectrum. 

It is natural to assume that the temperature of the illuminated part of 
the Moon’s surface is a function of cos g,, where gy, is the zenith angle 
of the Sun at a point with coordinates y, £. In our case cos ps = cos (Ys— 
yp) cos &, where px is the hour angle of the Sun (the distance in longitude 
between points on the Moon’s surface where the Sun and Earth are at 
zenith). According to Jaeger (1943), Barabashov (1952), Pettit and 
Nicholson (1930) for the illuminated part (i.e. for angles |ys—y | = 7/2) 
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we can take it that 
TOO, y, £, t) = O cos!” (ys—y) cos!” €+T,, (35.9) 
where © = Taa Ta (Taar is the temperature of the point beneath the 


Sun, T, is the temperature of the unilluminated side of the Moon). For the 
shadow region (i.e. where |y,—y| > 2/2) 


TO, y, £, t) = Ta. (35.9a) 
In the general form 


TO, p, £, t) = On(ps—yp)n()+T.. (35.10) 
Because of the motion of the Moon around the Earth the angle yp, = 
wt. Expanding (35.10) into a Fourier time series in the range |w,t— 


y| <2, we obtain 


TO, y, E, t) = Toé) + F T(E) cos (seoct—sy). (35.11) 
s=1 


Here the constant component of the surface temperature is 


T(E) = Tut+acOn(6), (35.12) 
and the amplitude of harmonics is 
T(E) = a,On(£), (35.13) 
where 
1” 
a, = = f y(z) cos (sz)dz (z = ps—y). (35.13a) 


-n2 


If n(z) = cos’? z, then ao = 0-382, a, = 0-558. 
The temperature variation with depth is defined by the thermal con- 
ductivity equation 


oT OT 


where y is the coefficient of temperature conductivity, equal to K/ec, 
(K is the coefficient of thermal conductivity, ọ is the density, c, is the 
specific thermal capacity). The solution of (35.14) with the boundary con- 
dition (35.11) is of the form 


TO, y, §, t) = To(é)+ 2, Ta(E)e-?V 07% cos (s0¢-sy—y 2), (35.15) 
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It follows from (35.15) that the constant component of the temperature 
on the assumption of the absence of internal sources of heat on the Moon 
does not vary with depth and is the same as the constant component of 
the surface temperature To(€). On the other hand, the amplitude of the 
harmonics decreases exponentially as y rises; the depth of penetration of 
a thermal wave with a frequency sa, is 


Ig = 2x . (35.16) 
Sq 
The temperature oscillations also lag in phase behind the oscillations on 
the surface (by an angle yy sO, /24% ). 
In order to obtain the connection between the effective temperature of 


the Moon’s radio emission and the temperature of the lunar surface we 
substitute (35.15) in (35.2). Then we find that 


Tel, E, t) = (1— R?)To() 











si V1 +26, cos p’ +262 cos? p’ 
where 
6; COS ’ 
tan Ys = +6, cosg ’ (35.18) 


and the parameter 


1 sw 
6, = — |/ —* 35.19 
ia (35.19) 


is the ratio of the depth of penetration of an electromagnetic wave (with 
normal incidence) l, = 1/ to the depth of penetration of a thermal wave 
IS (35.16); T(E) and T,(€) are represented by the expressions (35.12), 
(35.13); cos g’ is connected with o by the relation (35.3). 

It is clear from this that the effective temperature of a fixed element of 
the lunar disk consists of constant and periodically varying components. 
The constant component of T,,_ differs from the constant component of 
the Moon’s surface temperature by a factor of only 1— R®. The distribu- 
tion of this component is characterized by “darkening” towards the edge 
of the lunar disk because of the increase in the coefficient of reflection R? 
as ọ increases. At the same time there is an additional fall in the effective 
temperature towards the poles because of the gentler heating of the 
Moon’s polar regions by the Sun’s rays. 

The same kind of drop in radio brightness also occurs for the variable 
component. This component lags in phase behind the oscillations of the 
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surface temperature by an angle y, which obviously cannot exceed 45° for 
any 6,. Since the higher harmonic content in the observed radio emission 
is generally low we can also neglect them in (35.17) by writing T.g(9, &, t) 
in the form 


(1—.R2)T1(€) cos (ot—p—y) 


Taly, E, t) = (1— RTE) + — ee 
oa ia ue) 4/1428, cos 9’ +26 cos? g' 


(35.20) 


This formula was obtained first by Piddington and Minnett (1949) 
(without allowing for the factor 1— R®). Troitskii (1954) has analysed the 
expression for T.g(y, £, t) and connected it with the observed integral 
characteristics of the Moon’s radio emission. 

As pointed out in section 21, in observations of the Moon’s radio emis- 
sion we make direct measurements of a certain radio temperature Tp 
averaged over the polar diagram which is connected with the distribution 
of the effective temperature T.9(y, é, t) over the disk by the relation (21.2). 
It follows from it that in observations with a narrow beam receiving emis- 
sion in a solid angle 2, < Q2,, where Q, is the solid angle subtended by 
the disk of the Moon, 7; is the same as the T,g of the part of the disk at 
which the aerial’s axis is pointing. If, however, 2, 2 Qo then the change 
from the observed characteristics of the radio emission to the parameters 
of the lunar surface layer (for example, the quantity 6,) requires special 
processing of the data obtained allowing for the width of the aerial 
beam. The appropriate methods are indicated by Troitskii (1954) and 
Krotikov (1963b). 

All that we shall say here is that in the case of a broad beam we can 
find by experiment the mean effective temperature over the disk of the 
radio emission T,,,. It is interesting that the higher harmonics for this 
quantity are significantly less than the corresponding harmonics for Teg 
in the centre of the disk. Thanks to this the phase dependence of Tig, 
can be described well by the first harmonic even at millimetric wavelengths, 
where the asymmetry of the phase dependence for local values of Tyg 
becomes noticeable. 

The formulae given above are valid for the so-called single-layer model 
based on the assumption of the uniformity in depth of the matter forming 
the covering of the Moon. Wesselink (1948) on the basis of the same idea 
has interpreted the results of Pettit’s eclipse observations (Pettit, 1940) in 
optics, concluding that the experimental eclipse curve is close to the theo- 
retical one if the thermal parameter is y = (Kecy)~1" ~ 1000. However, 
according to Jaeger and Harper (1950), the agreement is better for a model 
in which the uniform material of the lunar surface (with y ~ 1000) is 
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covered with a thin layer (2-3 mm thick) of poorly conductive dust; 
certain data on the reflection of light from the lunar surface also make 
possible the assumption of the presence of a dust layer on the Moon. 
A two-layer model of the lunar surface has been used by Piddington and 
Minnett (1949) to explain the phase dependence of the Moon’s radio 
emission at 4 = 1-25 cm. This obliges us to examine a two-layer model 
as well as a one-layer one in the theory of the Moon’s radio emission: in 
any case there is no foundation for rejecting one or the other model before- 
hand when interpreting the data of radio observation. 

For a two-layer model the expression for T,¢(y, £, t) is slightly more 
complicated. According to Piddington and Minnett (1949) (see also 
Troitskii, 1961 and 1962a) for the centre of the disk 


Ti cos (@t—yp—yi—y’) 
Tett = (1— R297,4+(0 — R? ee 
e= ORT ot ORY TI 1+ 202 (35.21) 


tany’ = TES”? 


where / 1+26'+26” and y’ are the additional attenuation of a thermal 
wave and its phase shift in the upper (dust) layer. The parameter ô’ here 
is determined from the formula 


alt 





oy 5 


in which K’ and y’ are respectively the coefficients of thermal conductivity 
and temperature conductivity of an upper layer of thickness /. The for- 
mulae (35.21) are valid provided that the absorption of radio waves in the 
dust layer is insignificant and it is noticed only in the change in temperature 
of the “support”; this layer should obviously be sufficiently thin for this. 


INTERPRETATION OF THE RESULTS OF OBSERVATIONS OF THE MOON’s RADIO 
EMISSION AND THE PHYSICAL CHARACTERISTICS OF ITS SURFACE 

The obtaining of reliable information on the structure and parameters 
of the lunar surface by means of radio data depends above all on the an- 
swer to the question of the choice between the single-layer and two-layer 
models of the Moon. 

It followed from the early observations of Piddington and Minnett 
(1949) at A = 1-25 cm (see section 21) that the phase shift was yo = Yı + 
y’ ~ 45°. This can occur in the single-layer model if 6; > 1 and there- 
fore the amplitude of the oscillations of T, is very small. Since the ratio 
Ty. /T;_ was rather large (about 0-17) in their experiments Piddington 
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and Minnett decided in favour of the two-layer model. In Troitskii (1956), 
however, it was noted that the phase dependence of Tp observed at 1:25 cm 
can also be well approximated by a curve with a phase shift of 35°; 
in this case the experimental data also agree with the single-layer model of 
the lunar surface. Subsequent observations (Salomonovich, 1958; Gibson, 
1958; Zelinskaya, Troitskii and Fedoseyev, 1959a and 1959b) at A = 
0-8-1-6 cm did not produce a definite result either, since the data ob- 
tained on the phase dependence of the Moon’s radio emission within the- 
limits of observational errors satisfied both the single-layer and the two-. 
layer models. The situation has become clearer, thanks chiefly to the 
measurements of radio astronomers from Gor’kii—Troitskii, Krotikov,,. 
Kislyakov et al.—which were made by a single method over a wide range 
of wavelengths. The corresponding analysis of the experimental data, 
which made it possible to judge the nature and physical state of the 
Moon’s surface layers, has been carried out by Troitskii. The results he 
obtained are contained in the survey by Krotikov and Troitskii (1963a) 
(see also Troitskii, 1961 and 1962a); it is these papers that we shall basically 
follow in what follows. 

When answering the question of the structure of the Moon’s surface 
layer it is best to base ourselves first of all on those data which do not de- 
pend on the accuracy of absolute measurements (since the latter may 
contain considerable errors). In radio observations during lunations these 
data will obviously be the phase shift yo and the relative change in the 
effective temperature in the course of the lunation 7;_/Tp_; the values of 
Ty, Tp. and yo are indicated in Figs. 104-6. 

According to (35.21) the theoretical values of the phase shift yo and the. 
ratio M of the constant component of the radio temperature to its variable 
part are respectively 





= t 6, , PON , To 
Yo = Yityp = arc tan EEA +y, M= ðb Ty? (35.22). 


where # = 4/1+4+251+267, # = a/ 14+26’+26. Eliminating 6, from 
(35.22) we obtain: 


—14V142[(MT;/8’T»)?— 1] iy 


14+°0/142[(MT,/8'To}?—1) 


Putting To/71 ~ 1-5 (on the basis of the optical data on the temperature of 
the lunar surface and also in accordance with the results following from 
Fig. 175; see below), we plot the graphs of the function yo(M) with differ-. 
ent assumptions about the parameters of the dust layer 5’ and y’ (Fig. 
173). Curve 1 corresponds to a single-layer model (# = 1, y’ = 0); curve 
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2 to a two-layer model with #’ = 1-1 and y’ = 5°. As the layer of dust 
lying on the substratum thickens the curves of yo(M) will shift to the right 
and upwards; for example, for a thicker layer with ® = 1-4 and y’ = 15° 
the function yo(M) corresponds to curve 3. 


Yo 
6 





Fic. 173. Values of the phase lag y, of the first harmonic of the Moon’s 

radio temperature as functions of the ratio M of the constant component of 

the radio temperature to the amplitude of the first harmonic (Krotikov and 
Troitskii, 1963a; Troitskii, 1961 and 1962a) 


In order to be able to connect with each value of yo(M) a definite wave- 
length A, we must state for the substratum (in the two-layer model) and 
for the uniform layer (in the one-layer model) the connection between 6; 
and 2. It is known, for example, that in dielectrics 6; usually varies linearly 
with wavelength. (A similar situation apparently exists for lunar rock.) 
We are convinced of this by Fig. 174, which shows the values of 6,/A 
averaged for each wavelength over all the available experimental data;t 
although the dispersion of the points is rather great the function 61(A) can 
be approximated by the relation (Zelinskaya, Troitskii and Fedoseyev, 
1959a and 1959b; Troitskii, 1956) 


ô = 2A, Ley = 2”. (35.24) 


It follows from this that the depth of penetration of an electromagnetic 


+ The values of 6, are calculated in the framework of the single-layer mode] from 
experimentally measured values of M and a known ratio 7,/7;. 
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wave into the Moon (and thus the thickness of the effectively emitting 
layer) rises in proportion to the wavelength A. 

An examination of the relations (35.21) with allowance made for the 
proportionality between 6; and à makes understandable the observed 
dependences of the constant and variable components of the Moon’s radio 
temperature and also the phase shift on the wavelength (Figs. 104-6). For 
example, the comparative constancy of Tp. over a broad range of wave- 





0 
2 3 
: A cm 


Fic. 174. Ratio 6,/A as a function of wavelength 4. The black spots are the 
values of 6,/A averaged over all the experimental data for the corresponding 
wavelengths (Troitskii, 1956) 


lengths is because with small values of the coefficient of reflection R? the 
value of Tp- is determined only by the value of the surface temperature To 
(we shall speak later about the weak rise of Tp- with wavelength). The 
decrease in amplitude of the oscillations of the radio temperature Tp. as 
A rises is connected with the corresponding decrease in the oscillations of 
a thermal wave as we get further away from the surface into the Moon; 
this connection becomes obvious if we remember that the effective thickness 
of the emitting layer rises with A. This last circumstance also leads to an 
increase in the phase angle yo at longer wavelengths right up to its maxi- 
mum value of 45° (see the formula (35.16) for a single-layer model). 

Returning to Fig. 173 we note that the black points on curves 1 and 2 
correspond to wavelengths of 1 = 0-4, 0-8, 1-25, 1-63 and 3-2 cm provided 
that 6, = 2A; at the same time the points on curve 3 correspond to the same 
wavelengths, but with the proviso that 6; = 1:252. In addition, a number 
of experimental values of M and wo are marked on the figure in the form 
of light circles with an indication of the possible measurement errors. _ 

It is clear from Fig. 173 that the available experimental data on the 
Moon’s radio emission cannot as a whole be matched up with the two-layer 
model of the surface which has rather high values of #’—1 and y’. 

The single-layer model is the most probable, although the assumption 
of the presence of a thin upper layer (for example with 6’—1 = 0'1 and 
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yp’ < 5°) leads to results which do not differ in the limits of error from 
the data of radio observations. 

In many papers (see, e.g., Troitskii, 1954; Salomonovich, 1958, 1962a) 
the preferability of the single-layer model is judged from the agreement 
of the values of 4; found by (35.17) from the measured amplitude and 
phase of the effective temperature. This method was actually used in Fig. 
173 with, however, the essential difference that the analysis is extended to 
a broad range of wavelengths. 








0 Aum a_i 1g 
3 
Nem 


Fia. 175. Ratio M as a function of wavelength A: 1—-single-layer model, 
& = 1, ô = 24; 2—two-layer model, # = 1-5, ò, = 1-54; 3—two-layer model, 
& = 1:5, 6, = A Krotikov and Troitskii, 1963a; Troitskii, 1961 and 1962a) 


A conclusion in favour of uniform structure of the lunar surface can also 
be drawn from a comparison of the observed values of M at different 
wavelengths with the theoretical function M(A). It can be seen from Fig. 
175 that the experimental values of M agree better with curve 1 for the 
one-layer model than with curves 2, 3 that characterize two-layer models 
and are plotted from formula (35.22) for different values of the ratio 
6,/A. Since as A decreases the radio emission comes from a thinner and 
thinner layer (whilst at the limit 2 -- 0 even in the framework of the single- 
layer model—from the surface of the Moon) the value of M will approach 
the ratio To/71 characterizing the oscillations of the surface temperature. 
According to Fig. 175 this ratio is close to 1-5. 

The structure of the Moon’s upper layers can also be judged from the 
results of radio observations during lunar eclipses. Unfortunately, there 
are very few published data on eclipse measurements with a corresponding 
analysis of the results. Here we can only point to the paper (Gibson, 1961) 
in which Gibson was able to match up eclipse measurements at 2 = 8-6 mm, 
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which showed no drop in the effective temperature by a value greater 
than 1°, with the data of radio observations during lunations only on the 
basis of a three-layer model of the surface. His analysis, however, is not 
free of objections (see Krotikov and Troitskii, 1963a); therefore at present 
it is very important to carry out careful eclipse radio observations with 
subsequent processing of the results on the basis of different models of 
the surface. This will permit us to answer the question of the extent of 
agreement in the theory of the Moon’s radio emission between the eclipse 
data and the data on the phase dependence of 7,, and on the structure of 
the uppermost layer of the lunar surface. 

By using the actual data that have been accumulated to date on the 
Moon’s radio emission we can obtain a whole quantity of information on 
the thermal properties, the density and the dielectric constant of the lunar 
rock. In this case, in accordance with what we have said, we should base 
our work on a single-layer model which corresponds best to the results of 
observations of lunar radio emission during lunations. 

Starting with a discussion of the thermal properties of the Moon’s 
surface we notice first of all that an analysis of the optical data generally 
leads to values of the parameter y = (Koc,)~*” lying between 200 and 
1000. Just as broad limits for y have been found by Salomonovich (1962a) 
with the introduction of the data of radio observations (300-1000). The 
large dispersion of the values in the latter case is connected with the low 
accuracy of the radio measurements. More rigorous estimates of the ther- 
mal parameter y have been obtained on the basis of the infrared measure- 
ments of Sinton (1962) and the observations of the Gor’kii radio astrono- 
mers which were made with higher accuracy. 

Sinton found that the night-time temperature of the lunar surface is 
123+3°K. On the other hand, this temperature can be obtained by calculat- 
ing the thermal conditions of the Moon from the known value of the solar 
constant and with different assumptions about the value of the parameter y. 
A calculation of this kind has been made by Krotikov and Shchuko (1963); 
it follows from it that the value 123+3°K corresponds to y ~ 350-430. 

The value of y can also be estimated from the values of the constant 
component of the temperature of the lunar surface at the centre of the 
disk To and the ratio To/T1, bringing in for definition the latest methods 
of radio astronomy (Krotikov and Troitskii, 1963b). It follows from Fig. 
104b that the constant component of the Moon’s mean radio temperature 
over the disk at A = 3-2 cm is 211+ 2°K. The corresponding calculation 
for the effective temperature of the centre of the Moon’s disk gives a value 
of T.s = 227+ 5°K. For a coefficient of reflection (with normal inciden 
of R3} = 0-01-0-04 this leads to a constant component of the surface 
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temperature of To ~ 229-236°K (see the formula (35.20)). On the other 
hand, To can be found by examining the thermal conditions of the lunar 
surface for different y; the corresponding calculations (Krotikov and 
Shchuko, 1963) then lead to the conclusion that To ~ 229-236°K. corre- 
sponds to values of y ~ 250—450. Furthermore, the radio astronomy obser- 
vations indicate that the ratio To/T1 ~ 1-5+0-1.T Calculation of the ther- 
mal conditions shows that this ratio obtains when y ~ 270-550. 

The values given for y differ from the value of y ~ 1000 obtained in 
optical observations of lunar eclipses. It is not clear at present with what 
this discrepancy, which is apparently beyond the limits of measurement 
errors, is connected. It is not impossible that this circumstance is connected 
with the presence of dust on the surface, the layer of which is so thin that 
it has no significant effect on the results of radio observations during luna- 
tions but, however, noticeably alters the curve of an eclipse in infrared 
rays. It is also possible (Krotikov and Troitskii, 1963a) that the temperature 
dependence of the lunar rock’s properties (K and c,) plays a part here. 

Let us in future take a parameter y of 350 with an accuracy of 20-25%. 
Then for a lunar rock density of 9 ~ 0-5 g/cm*t and a thermal capacity 
of cy ~ 0:2 we obtain a value for the coefficient of thermal conductivity 
of K ~ 10-4 cal cmt sec! degree~1. We can then estimate the depth of 
penetration of a thermal wave CHIU 


Ip = \2 2% _ 95 om (35.25) 
= 


in accordance with (35.24) the penetration depth of electromagnetic wave- 
and the thickness of:the emitting layer at centimetric-decimetric waves 
lengths is 
la ~ SOA. (35.26) 

We note that since the adequacy of the single-layer for the results of radio 
observations during lunations was found from the phase dependence of the 
radio emission at wavelengths of A S 3 cm it follows from (35.26) that the 
Moon has a uniform structure right to a depth of about 150 cm (with 
certain reservations about the topmost layer). 

Let us now examine the question of the density @ and the dielectric 
permeability e of the lunar material. 

In many papers (Gibson, 1958; Baldwin, 1961; Gibson, 1961; Sinton, 
1962) the values of these constants are taken simply by analogy with ter- 


t We give the error indicated by Troitskii, (1961, 1962a). To judge from Fig. 175, 
however, it is possibly greater, which will also considerably increase the error in deter- 
mining y from the ratio T,/7;. 

t For the density of the lunar rock see below. 
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restrial rocks (9 ~ 2, e ~ 4-5). Better founded values of ọ and € can be 
obtained, however, if we bring in the data on the Moon’s radio emission, 
in particular the value given above for the thermal parameter y. The point 
is that the thermal conductivity of any material is determined by its 
mean density o, which is determined in its turn by the material’s porosity 
p = 1—6/00, where go is the density in a non-porous state. Therefore the 
thermal conductivity of the material is K = K(e); knowing this function, 
we can then also determine ọ from a known y since y = [K()ocy]~*” = y(@) 
(Troitskii, 1962b). 

The form of the function K(e), generally speaking, depends on the 
chemical composition of the material; in addition, the functions K(e) may 
be different for materials with a different structure—hard foamy or granular 
flowing. If the lunar rocks consist of the usual silicates known on Earth, 
then when choosing the function K(o) we can base our work on experimen- 
tal data on the thermal conductivity of silicates, remembering, however, 
that on the Moon the silicates are in a vacuum and not in air. In accordance 
with these data, for foamy and for flowing silicates the thermal conduc- 
tivity in air is 

K(e) = ap = 6-10-49 (0-4<= p= 1-5). (35.26a) 
There is very little information on experiments in a vacuum. If we assume 
that the proportionality between K and 0 is preserved in a vacuum—only 
the coefficient « changes—then it turns out that for foamy materials (with 
a porosity of p > 30%) 


K(o) © 2-10-49, (35.27) 
and for flowing ones (with grains that are not too small) 
K(e) ~= 5-10-59. (35.27a) 
Then, taking y = 350 and cp = 0:2 we obtain 
e = y Kacy)- ~ 0-45 g/cm? (35.28) 
for foamy and 
e = yHacy)-1!2 ~ 09 g/cm$ (35.28a) 


for flowing silicates on the Moon’s surface.t 

The dielectric permeability of the lunar rocks can be determined in 
several ways, one using the Moon’s reflecting power: knowing the coef- 
ficient of reflection R? at the centre of the disk and considering the surface to 
be smooth enough, we can find € by the formula (35.6). In accordance with 


t The accuracy of these quantities is no greater than 20-25 %, i.e. no better than the 
accuracy of determining y, and apparently is actually far worse because of the uncer- 
tainty in the vacuum values of the function K(g). 
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(35.21) R? is found in relation to the constant components of the effective 
temperature and the true temperature on the Moon’s surface. The deter- 
mination of these temperatures in order to determine e requires the carrying 
out of very accurate absolute measurements. In the paper by Krotikov 
and Troitskii (1962) the values of the radio temperature found with en- 
hanced accuracy by the “artificial Moon” method and of the surface tem- 
perature obtained from infrared measurements led to a value of e ~ 1-5. 

Another method (Salomonovich and Losovskii, 1962; Koshchenko, 
Losovskii and Salomonovich, 1962) consists of measuring the distribution 
of the radio brightness’s constant component over the Moon’s disk, i.e. 
the function 1 — R?(y, £, e). The advantage of this method is that it is con- 
nected with relative measurements, although high-directivity aerials are 
required. Processing of the available radio brightness distributions leads 
toe = 1-2, 

We can also arrive at the value of € by measuring the degree of polariza- 
tion of the emission coming from a local area of the lunar surface (Troitskii 
and Tseitlin, 1960). Since the constant components of the effective tem- 
perature of the horizontally and vertically polarized emission are T, = To 
(1— RẸ) and T, = To(1—R2), where R, and R, are connected with e by 
the Fresnel formulae (35.5), it becomes clear that the degree of polarization 


eT, 
e = T +Ta 





will be a function of £. This method is connected only with relative meas- 
urements, but also requires the use of highly directional aerials. This is 
because noticeable polarization of the Moon’s radio emission occurs only 
near the edge of the disk where the angle of incidence is close to the Brews- 
ter angle. A determination of the dielectric permeability by this method 
was made by Soboleva (1962); it turned out that £ ~ 1-6. 

Since the quantity £, as well as the thermal conductivity, depends on 
the material’s porosity, the possibility arises of finding the density of the 
lunar rocks from a known dielectric constant. It is known (Odelevskii, 
1951; Levin, 1954) that for a substance with a foamy structure 


= 3p 
€ = &0 l= Jati > > (35.29) 
Eo—1 





where £o is the permeability of a non-porous specimen, p is the degree of 
porosity. Since £o for silicate rocks is approximately the same, to determine 
the density ọ of the lunar rock we need to know only € and gq—the 
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density in a non-porous state. The empirical formula 
/e—-1 = Ap, Ax 05 cm*-g-}, (35.30) 


which is valid for different dry rocks, is preferable, however, since here we 
need know only e tofind ọ. Using the value € ~ 1-5 we find from the formula 
(35.30) that o ~ 0-5 g/cm’. Comparing this value with the value deter- 
mined from the known thermal parameter y (see (35.28), (35.28a)) we can 
see that it corresponds to a foamy rather than a flowing state of the mate- 
rial. The reservation should be made, however, that this conclusion, which 
is very important for ideas on the structural state of the lunar rocks, needs 
further checking on the basis of more accurate data.When finding the 
density 9 ~ 0-45 g/cm? (35.28) here, however, we used the function (35.27) 
based only on single experiments on the connection of the thermal conduc- 
tivity and density of materials in a vacuum. 

The study of the composition of lunar rocks is based on a comparison 
of various characteristics of the lunar and terrestrial rocks. Until recently 
only optical characteristics were used for this purpose. Unfortunately these 
characteristics provide information only on the uppermost, very thin layer 
on the surface of the Moon, this information (colour, scatter indicatrix, 
polarization) depending to a considerable extent on either a negligible 
quantity of impurities or on structural features of the surface—the extent 
to which it is broken up, the nature of the unevennesses, etc. 

Radio-astronomy investigations have opened up fresh possibilities in 
this direction—we can compare the electrical characteristics of the lunar 
and terrestrial rocks (the dielectric permeability e and the tangent of the 
loss angle tan 4). The position, however, is complicated by the fact that e 
and tan A are strongly dependent on the density of the material, whilst 
it is clear from the above that the difference in the density of the rocks on 
Earth and on the Moon is rather great. We should therefore compare 
only the characteristics which are not dependent on @: according to Troits- 
kii (1961 and 1962a) this kind of parameter can be tan 4/o, which varies 
chtefly with the variation in the chemical composition of the materials but 
not with the density of the latter. 

We note first of all that from the formula (35.1) that describes dielectrics 
with small losses, and from the relation (35.24) that is valid for lunar rocks 
in a layer not less than 150 cm thick, follows the proportionality between 
the conductivity o and the frequency w and thus the frequency dependence 
of tan A = 4xoe/ew. Aluminosilicate-based inorganic dielectrics have this 
kind of constancy of the tangent of the angles of losses. 

Furthermore, it follows from (35.1), (35.19) and (35.24) that for the 
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w, _ 8x0 
| 2y oye’ 


Allowing for the expressions for tan 4 and y we find: 


lunar rock 


4/e tan A 
e 


where y = (Koc,)~"”. Putting cy = 0-2, e = 1:5403, y = 350+75, we 
obtain that for the Moon’s covering 


= 8:8 X 10-5cyy, (35.31) 


tan A = (0-5+0-3)10~3 cm3-g-1. (35.32) 


In order to compare this value with the corresponding values for ter- 
restrial rocks Krotikov (1962) (see also Fensler et al., 1962; Olte and Siegel, 
1961) made measurements of tan 4/o for different minerals, meteorites and 
tektites. It turned out that terrestrial rocks with differing SiO2 contents or, 
as they say, differing basicity, fall in the range of values of tan 4/o corre- 
sponding to the material on the Moon: acid rocks (liparite, granite), medium 
ones (syenite, diorite) and basic ones (iolite, gabbro). We notice that almost 
all tektites have the same specific losses tan 4/g as the lunar rocks. This 
obviously indicates the closeness of their chemical composition which is 
characterized by the presence of the following components: 60-65°% quartz, 
15-20% aluminium oxide, 20% of the oxides of potassium, sodium, cal- 
cium, iron and magnesium. We recall, however, that the structure of the 
lunar rock differs strongly from that of the terrestrial ones by its very high 
porosity which ensures lower values of the density o. 

The parameters of the Moon’s surface layers given above are the result 
of averaging over large areas of the lunar disk and even over all the lunar 
disk as a whole (because of the considerable width of the aerials’ polar 
diagrams). The local characteristics of the lunar rocks may, of course, 
differ from those given. This circumstance should be borne in mind when 
comparing the lunar rocks with the terrestrial ones, and in particular in 
conclusions on the chemical composition of the upper layers of the Moon. 

Above, the data on the Moon’s radio emission were interpreted on the 
assumption that there are no internal sources of heat on the Moon, so the 
constant component of the temperature T in the depths of the Moon is the 
same as the corresponding value at the surface. This assumption was fully 
justified in an analysis of observations made with an absolute accuracy of 
the order of 10°; therefore the measurements of enhanced accuracy made 
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by the Gor’kii radio astronomers in the 0-4-50 cm range definitely indicate 
a systematic rise with wavelength of the constant component 7,_ averaged 
over the Moon’s disk. As can be seen from Fig. 104b, the quantity d7,_/dA 
decreases gradually and very slowly as 4 rises, averaging 1 degree/cm. 

The consequences following from this circumstance have been analysed 
by Troitskii (1962c) and Krotikov and Troitskii (1963c). The authors came 
to the conclusion that the observed rise in the radio temperature together 
with A cannot be connected with different subsidiary factors whose role 
increases at longer wavelengths (the effect of the ionosphere and the cosmic 
radio emission); this rise probably cannot be the consequence of these 
causes (the temperature dependence of the thermal properties of the lunar 
rocks and the rise in the emissive power of the Moon’s surface 1— R? 
with wavelength). Therefore we can state that the curve in Fig. 104b 
reflects the actual frequency dependence of the lunar radio temperature 
caused by a rise in temperature (to be more precise, its constant component) 
in the depths of the Moon. This rise obviously indicates the presence of a 
considerable flow of heat from the Moon’s core. The value of the flux is 
easy to find if we know the temperature gradient d7/dh. It is obviously 
defined by the following expression: 


dT dT dA 1 
dh da dh 1—R?’ (35.33) 





where Tis the effective radio emission temperature at the centre of the 
lunar disk. The quantity h in the derivative dA/dh has the meaning of the 
effective thickness of the layer from which radio emission at a wavelength 
A (i.e. h ~ l,) escapes. The connection between /, and å for the first one 
and a half metres from the Moon’s surface and wavelengths of up to 3 cm 
is given by the linear relation (35.24) (dA/dl, ~ const); when this is allowed 
for the formula (35.33) will become 


dT dTeg 1 
dh~ aA 2IDA— R2) ` 03:34) 


Putting dT.g/dà ~ 1 degree/em, 1—R* ~ 1 and JP ~ 25 cm, we obtain 
that the temperature gradient is about 2 degrees/cm. The corresponding 
density of the heat flux from the Moon’s core 


wq 


ai-ta V8 
Ga h ATR) 


when y = 350 then reaches a value of 1-610~® cal cm~? sec™t, which 
is close to the density of the flux from the Earth. The total heat flux from 
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the Moon’s core through its surface is ~ 2X10% cal/year. At the same 
time the estimates of Jaeger (1959), Levin and Mayeva (1960), McDonald 
(1959) of the possible heat flux from the heart of the Moon by radioactive 
decay in chondrite rocks lead to values 4-6 times less than the ex- 
perimental ones. This discrepancy is an argument against the hypothesis of 
the Moon’s formation from meteoritic material of the chondrite type. 

A paper by Troitskii (1967) reports most results of investigations into 
the emission from the Moon and gives a description of the latest ideas 
about the lunar surface layer composition. In particular, he quotes more 
exact values of 


y ~ 600 cal~’ cm? sec!/2 degree and 
q ~ (0-85+0-2) x 1076 cal cm~? sec™}. 
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of emission 46-62 
leaving coronal plasma 344-350 
of Jupiter’s emission 257-258 
of noise storms 148-154 
of quiet Sun emission 81-82 
of Sun’s emission, theoretical explana- 
tion 365-372 
of Sun’s microwave bursts 128-130 
of type I bursts (noise storms) 148-154 
of type II bursts 156 
of type III bursts 180-181 
of type IV emission 199 
of waves in coronal plasma 342-372 
Measurement 51-62 
Stokes parameters 47 
Prominences on Sun 9, 174-175 
Pulkovo radio telescope 31 


Quasihydrodynamic method for wave 
propagation in plasma 298-305 

Quiet Sun emission 73-98 

complex model 521-531 

frequency spectrum 74-83 

hydrogen lines 83 

polarisation 81-82 

simple model 513-521 

theory 508-538 

variation with wavelength 77-80 


Radiation, Cherenkov 415-423, 509-512 
Radio brightness 
of noise storms 147 
of Sun, variation with wavelength 
104-112 
over Sun’s disk 83-98 
Radio emission 
extraterrestrial, basic features 20-72 
of specific sources, see under source 
Radio spectrographs 27-29 
Receivers, multichannel 27-29 
Refraction in Earth’s atmosphere 65-68 
Response of radio telescopes 21 
Reverse-drift pairs in Sun’s emission 
212-215 
theory 600-602 
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Reversing layer of Sun 1 


Satellites, observations from 72 
Saturn 
physical conditions of 17-18 
radio emission of 248, 269 
conditions of generation 631 
theory 624-638 
S-component of Sun’s emission 101-119, 
538-567 
bremsstrahlung mechanism 541-551 
Magneto-bremsstrahlung mechanism 
551-563 
thermal nature 538-541 
Shock wave fronts, plasma waves in 
501-507 
Solarcorona 3-8 
wave propagation in 297-407 
Spectrographs 27-29 
Spicules of Sun 2-3, 528-529 
Sporadic emission of Sun 99-243 
effect on Earth 215-243 | 
effect on Jupiter 206-208 
microwave bursts 120-135 
origin 569-578 
noise storms 135-154 
origin 606-609 
other bursts 202-215 
S-component 101-119 
origin 538-567 
summary 237-243 
table 238-240 
theory 568-609 
types 100 
type I bursts (noise storms) 135-154 
theory 606-609 
type II bursts 154-176 
theory 602-605 
type III bursts 176-194 
theory 589-602 
type IV emission 194-201 
theory 583-589 
type Vemission 201-202 
U-bursts 191-194 
wide-band bursts 212 
Sun 
activity of 8-14 
atmosphere of 1-8, 531-538 
chromosphere of 2-3 
corona of 3-8 
effective temperature of 74-81 
electron concentration in 3-7 
emission when quiet 73-98 
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Sun (eont.) 
photosphere of 1-2 
physical condition 1-15 
quiet emission 
frequency spectrum 74-83 
hydrogen lines 83 
theory 508-538 
polarization 81-82 
variation with wavelength 77-80 
reversing layer of 1 
spicules of 2-3 
sporadic emission of 99-243 
supercorona of 2 
temperature of 3-7 
Sunspots 9-12 
magnetic field of 10-12, 105 
radio emission of 101-102, 579-583 
Supercorona of Sun 2 
Synchrotron emission of e.m. waves 
413-430 
from relativistic plasma 458 


Temperature 
effective 
of Mars 277 
of Mercury 283 
of Moon 284 
of Saturn 269 
of Sun 74-81, 83-88, 98, 110, 155, 
199, 238-240 
of Venus 278-282 
of emission, effective 23-26 
of Sun’s atmosphere 3-7 
Theoretical model of atmosphere of Sun 
531-538 
Theory of Sun’s emission 509-609 
non-thermal 567-609 
thermal 509-567 
Thunderstorm model for Jupiter’s spora- 
dic emission 610-612 
Tropospheric absorption 63 
Two-aerial polarimeter 53-55 
Two-element interferometers 31-39 
Type I bursts from Sun (noise storms) 
135-154 


correlation with optical features 137- 
143 
directionality 144 
frequency spectrum 137-139 
polarization 148-154 
position of sources 144-148 
theory 606-609 
time scale 136-137 
Type II bursts of Sun 154-176 
correlation with optical features 155- 
156 
fine structure 165-167 
frequency drift 167-176 
harmonics 157-165 
polarization 156 
theory 602-605 
Type III bursts of Sun 176-194 
correlation with optical features 
184 
frequency drifting 185-191 
polarization 180-181 
theory 589-602 
U-bursts 191-194 
Type IV emission 195-200 
frequency spectrum 196-197 
Motion 198 
polarization 199 
theory 583-589 
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Vavilov-Cherenkov effect 415-423, 432 
Venus 
effective temperature of 277-282 
physical condition of 15-16 
radio emission of 247, 277-282 
theory 638-651 


Wave propagation see E.m. wave pro- 

pagation : 
Wide-band bursts of Sun’s emission 212 
Wolf number 10 


X-radiation accompanying solar bursts 
221-222 
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